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ABSTRACT
The thermal response from in-cylinder combustion to exhaust aftertreatment was 
investigated for a 4-stroke single cylinder Yanmar diesel engine. The thermal 
characteristics o f late post-injection inside the cylinder for enabling aftertreatment 
operations were simulated and experimentally verified. The cylinder head of the 
Yanmar engine was modified for measurement of in-cylinder pressure and 
temperature. A real-time heat release model was developed for analyzing the diesel 
combustion based upon the acquired cylinder pressure. However, the in-cylinder 
measurements could not be realized due to limitations of the thermocouple signal 
conditioning system.
A complicated practical exhaust system for the Yanmar diesel engine was prepared 
for determining the thermal characteristics o f the single-wall exhaust pipe. 
Experiments were performed to cover a wide range of engine operation conditions. 
The response o f the exhaust system for both steady-state and transient engine 
operations has been reported. A 1-D transient heat transfer model for the Yanmar 
exhaust system was developed. A similar model was also setup using WAVE 
Software. The calibration and validation of the models were performed with the 
experimental results. The thermal energy loss from the exhaust system was 
estimated by simulating the heat transfer from different exhaust pipe structures 
under steady-state and transient engine operating conditions. It was found that the 
predictions o f the in-house model are in agreement with the experimental results. 
The heat transfer characteristics of a double-wall exhaust pipe with air-gap were 
simulated and the potential benefits highlighted through an energy efficiency 
analysis.
The thermal response from in-cylinder combustion to exhaust aftertreatment 
for the Yanmar diesel engine was characterized in terms of a heat loss coefficient 
and a time constant. Moreover, the effect of mass flowrate on both these factors 
was also evaluated. The procedure for quantifying the overall thermal response has 
been reported in detail.
iii
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Chapter 1: Introduction
1. INTRODUCTION
Diesel's nearly universal use in a wide range of applications reflects its acceptance 
as one o f the most efficient internal combustion engine. This can be attributed to 
the intrinsic performance advantages of the continuously improving diesel 
technology -  power, low fuel consumption, safety, durability, and robustness. In 
addition to the inherent high efficiency leading to low carbon dioxide emission, 
diesel exhaust also contains low levels of carbon monoxide and hydrocarbon 
emissions. However, the perception of the diesel engine as “dirty” is based on the 
comparatively higher emission levels of particulate matter (PM) and oxides of 
nitrogen (NOx) as compared to gasoline engines [1].
Within the last decade, there has been a significant improvement in the emission 
performance of the diesel engine. The level of engine-out PM emission of new on- 
highway diesel engines has been reduced by nearly 80% since 1988 while the NOx 
emissions have been reduced by about 60% over the same time period [2]. This has 
been accomplished largely through improvements in the diesel combustion process, 
together with the use of exhaust gas recirculation (EGR) and advanced 
turbocharging systems. Electronic fuel injection/combustion control systems have 
enabled the engine manufacturers to control fuel injection independently of engine 
speed, permitting injection strategies favourable to low pollutant production. The 
use of higher injection pressures and flexible injection timings has resulted in 
higher combustion efficiency and the flexibility to meet emission goals under 
different operating conditions.
Although substantial developments as outlined above have been made in the diesel 
engine technology to reduce the engine-out NOx and PM emissions, the 
improvement in diesel combustion alone will not be enough to conform to the 
requirements o f the impending stringent emission standards. For meeting these 
standards, diesel engines would require the use of aftertreatment devices such as 
the Diesel Particulate Filter (DPF) and the Lean NOx Trap (LNT). However, the 
task of reducing the exhaust pollutants from lean-burn engines like diesel using 
aftertreatment devices is complicated by two facts. First, there is an abundance of
1
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oxygen in the diesel exhaust and secondly, the exhaust gas temperature is relatively 
low due to the high compression ratios and the temperature also varies widely with 
load. Both these factors result in a lower efficiency of the diesel aftertreatment 
systems. This also implies that aftertreatment systems like the three-way catalytic 
converter cannot be effectively used with diesel engines [3].
In order to enable aftertreatment operations, diesel engines commonly use an 
amount of supplemental energy to raise the otherwise relatively low exhaust 
temperature internally in the engine. However, this commonly results in lowering 
the engine thermal efficiency that is obviously characterized with the very rise in 
exhaust temperature [3]. Also, the transient thermal response o f the aftertreatment 
devices is inevitably affected by the configurations of the exhaust pipes that include 
the pipe structure, the wall thickness, and the exterior thermal management. The 
exhaust gas temperature at the inlet of the aftertreatment responds at a much slower 
rate due to the exhaust pipe plenums that can effectively dump and delay the 
exhaust temperature spikes generated inside the engine [4]. Additionally, the 
amount o f thermal energy loss to the environment along the exhaust pipe is 
commonly substantial, resulting in a considerably lower exhaust temperature at the 
inlet o f the aftertreatment devices compared to the temperature o f the engine-out 
exhaust [5].
A possible means of improving the performance of the aftertreatment devices is to 
address the engine and the exhaust aftertreatment technology together as one 
system. This includes managing the thermal characteristics o f the exhaust gas from 
in-cylinder combustion, together with reducing the heat energy loss from the 
exhaust piping to shift the exhaust gas condition to favourable windows for 
aftertreatment operation.
The research work presented here attempts to quantify the thermal response of the 
in-cylinder combustion measures and the exhaust pipe plenums, and their effects on 
the exhaust gas temperature at the inlet of the aftertreatment devices. The 
measurement and modelling of the dynamic thermal response in this research 
intend to improve the performance of diesel aftertreatment devices.
2
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1.1. OVERALL PICTURE OF RESEARCH
The overall picture o f this research consisting o f theoretical and 
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Figure 1.1: Overall Picture of Research
1.2. THERMAL RESPONSE ANALYSIS
If one considers a control volume around a diesel engine, it is apparent that 
roughly 33 percent o f the energy o f the fuel into the engine is available in the 
exhaust gas [1]. Utilization o f this otherwise wasted exhaust gas energy is crucial 
for the satisfactory performance o f diesel aftertreatment devices. Moreover, since 
supplemental energy may be added inside the engine for the aftertreatment, the
3
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thermal management o f the exhaust gas even before it leaves the combustion 
chamber is deemed necessary. This means maintaining the high efficiency of the 
diesel combustion along with reducing the thermal energy loss from the exhaust 
system.
The in-cylinder thermal response is principally difficult to quantify and 
previous research has focused mainly on improving the thermal response of the 
exhaust system. However, to maximize the efficiency of the aftertreatment with 
minimum energy penalty, the transient thermal response analysis from in-cylinder 
combustion to the exhaust aftertreatment is required. This can provide a reasonable 
estimate o f the total energy that is available at the exhaust valve and the energy that 
can be made available at the inlet o f the aftertreatment devices. It can also aid in 
significantly reducing the energy penalty associated with aftertreatment operation. 
Figure 1.2 provides an overview of the thermal response analysis.
In-cylinder Exhaust Plenum Aftertreatment
• Energy penalty with 
supplemental energy for 
aftertreatment
• Reduced engine 
thermal efficiency
• Thermal energy loss 
through heat transfer to 
the environment
• Dumps and delays the 






• Low exhaust gas 
temperature at inlet
• High supplemental 
energy requirement
• Minimize the energy 
penalty
• Manage the engine-out 
exhaust temperature
• Reduce heat loss from 
the exhaust
•  Improve the thermal 
response to engine 
transients
•  Higher temperature at 
inlet
•  Reduce supplemental 
energy requirement
• Improve performance
Figure 1.2: Overview of the Thermal Response Analysis
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1.3. OBJECTIVES
The principal objective of the work described in this thesis was to perform a 
thermal response analysis from in-cylinder combustion to the exhaust 
aftertreatment devices for improving the performance/efficiency of the engine and 
aftertreatment devices.
The main steps of the research were to:
(1) Modify a laboratory engine cylinder head to enable in-cylinder 
measurements.
(2) Measure the in-cylinder pressure and temperature to analyze the 
combustion process and to estimate the engine-out exhaust gas temperature.
(3) Simulate the effect of supplemental fuel injection timing on the 
engine-out exhaust gas temperature and to assess the energy penalty 
associated with supplemental fuel injection.
(4) Develop a one-dimensional transient heat transfer model for 
automotive exhaust systems.
(5) Simulate and study the thermal response of the exhaust system for 
various configurations.
(6 ) Conduct the verification experiments for calibrating and validating 
the exhaust system thermal response simulation results.
(7) Implement a combustion heat-release model and temperature 
prediction model for carrying out real-time analysis.
(8 ) Characterize the thermal response o f the overall system.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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2. LITERATURE REVIEW
2.1. DIESEL COMBUSTION PROCESS
In compression ignition (Cl) engines, the intake air drawn into the 
cylinders, is compressed to very high compression ratios while its temperature 
typically increases to 600~900°C [2]. Combustion is initiated by auto-ignition of 
the diesel fuel injected shortly before the end of the compression stroke, as the 
piston approaches the top-dead-centre (TDC). The resulting combustion process is 
highly heterogeneous and is dominated by diffusion controlled processes [6 ].
The overall diesel combustion process, from the commencement o f the fuel 
injection can be divided into the several stages which are shown graphically on the 
typical rate of heat release diagram for a diesel engine in Figure 2.1.
C um ulative  Fuel In jected










C o m bustion
Figure 2.1: Typical Rate of Heat Release Diagram [7]
The ignition delay is the time between the start of fuel injection and the start 
o f combustion. The duration o f this delay is related to the time needed for 
evaporation and mixing of the fuel and air to within flammability limits (physical 
delay) and the chemical delay time, which depends on the pressure and temperature 
fields within the combustion chamber. The actual combustion can be divided into
6
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three phases: the premixed phase, the mixing-controlled phase and the late 
combustion phase. During the premixed phase that lasts for a few crank angle 
degrees, there is a rapid burning o f the fuel-air mixture in regions that are close to 
stoichiometric, resulting in a rapid rise in cylinder pressure. Once the near- 
stoichiometric fuel-air mixture prepared during the ignition delay period has been 
consumed, the rate of combustion or heat release is controlled by the preparation 
rate o f the fuel vapour-air mixture. During this mixing-controlled combustion 
phase, the ignition delay is much shorter, due to the higher cylinder pressure and 
gas temperature. The major controlling factor is the ability o f the fuel to find 
oxygen. The late combustion phase, also referred to as the tail of combustion, 
occurs well into the expansion stroke. The rate of combustion is typically low as 
most of the fuel and oxygen have already been consumed, and depends on the 
mixing of combustible residuals with excess oxygen. The energy present in soot 
and fuel-rich combustion products may also be released during this phase [1,7]
2.2. DIESEL EXHAUST EMISSIONS
Internal combustion engines emit the same basic types o f emissions 
regardless o f the type o f fuel or combustion cycle used. Only the relative quantities 
of each emission type vary with the type of engine. The regulated emissions of 
diesel engines are carbon monoxide (CO), unburnt hydrocarbons (HC), NOx and 
PM. HC and CO emissions of a Diesel are typically very low, but PM and NOx 
may be produced in significant quantities [2 ].
2.2.1. CO & HC Emissions
CO and HC are the result of incomplete combustion of the injected 
fuel, that is, the fuel carbon has not been completely oxidized to carbon dioxide 
(CO2) producing CO as the intermediate product, while HC originates from 
unburned or partially burned fuel. CO and HC emissions represent the unused 
fraction of the fuel’s chemical energy and are a measure o f the combustion 
inefficiency [1]. If  one does a control volume around the engine, with the reactants
7
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(fuel and air) flowing into the control volume and the products (exhaust gases) 
flowing out, the combustion efficiency can be given by:
^ H r (Ta) - H p( T a) (1)
W / Q lhv
where
H r = Enthalpy of reactants (J)
H r = Enthalpy of products (J)
Ta = Ambient Temperature (K)
mf -  Mass of fuel injected (kg)
Qlhv = Lower heating value o f fuel (J/kg)
In Equation (1), the inefficiency is given by the enthalpy Hp of the 
products o f combustion, and is based on the HC, CO and PM concentrations. 
Diesel engines which generally operate with an overall lean air-fuel ratio, produce 
very small amounts o f CO and HC. Therefore, the combustion efficiency for diesel 
engines is normally very high (about 98 %).
2.2.2. PM & NOx Emissions
While the performance of diesel engines is quite good with respect 
to the emissions just described, diesel combustion inherently tends to produce 
significant quantities of PM and NOx. Diesel's compression combustion process 
results in very high in-cylinder temperatures which tend to generate more NOx than 
the less efficient, spark-ignition engines. The heterogeneous nature of diesel’s air- 
fuel mixture causes low levels of oxygen around individual fuel droplets in the 
combustion zone. This prevents complete burning of the diesel fuel which results in 
emission o f soot (unburned carbon particles from the fuel) also known as PM [2].
“The reduction o f  both PM  and NOx simultaneously presents a 
unique emission control challenge: some techniques used to control 
one o f  these pollutants increase the production o f  the other. For 
example, a major technique to reduce PM  is to cause more complete 
combustion o f  the fuel. This reduces PM  but also produces more 
heat, conflicting with the goal o f  lowering combustion temperatures 
to reduce NOx. The technical challenge o f  emission reduction is to 
reduce both PM  and NOx at the same time, without degrading the 
overall performance o f  the system ” [2].
8
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2.2.3. CO2 Emissions
Although CO2 is not a pollutant regulated by the United States 
Environmental Protection Agency (EPA), CO2 is a greenhouse gas and is believed 
to be a key factor in the global warming process. CO2 emission is closely related to 
the overall fuel consumption. Modern diesel engines with a high fuel efficiency 
(overall lean o f stoichiometric operation) are low in emissions o f CO2 [2 ],
2.3. EMISSION REGULATION
In the year 2000, the EPA established a comprehensive emission regulation 
for heavy-duty diesel vehicles to be implemented in 2007 [8 ], It includes two 
components: emission standards, and diesel fuel regulation [9]. The first 
component o f the regulation introduces new, very stringent emission standards as 
summarized in Table 2.1.
Table 2.1: Emission Standards for Heavy-Duty Diesel Engines Model Year
Standard
(g/bhp-hr)
Phase-In By Model Year
2007 2008 2009 2010
Diesel
NOx
1.20 100 % 100% 100% -
0.20 100 %
NMHC 0.14 50 % 50 % 50 % 100%
PM 0.01 100 % 100 % 100% 100%
The PM emission standard will take full effect in the 2007 heavy-duty 
engine model year. The non-methane hydrocarbon (NMHC) standard will be 
phased in for diesel engines between 2007 and 2010. The phase-in would be on a 
percent-of-sales basis: 50% from 2007 to 2009 and 100% in 2010. These standards 
are based on the use of high-efficiency catalytic exhaust emission control devices 
or comparably effective technologies. The crankcase emission control exemption, 
allowed earlier for turbocharged heavy-duty diesel engines has also been 
eliminated. Crankcase emissions from these engines are now added to other
9
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exhaust emissions and must be controlled by either routing them back to the engine 
intake or to the exhaust stream, upstream of the exhaust emission control 
devices [9].
The diesel fuel regulation requires the sulphur content o f on-highway diesel
fuel to be capped at 15 parts per million (ppm) by weight, down from the previous
500 ppm. Highway diesel fuel sold as low sulphur fuel must meet the 15 ppm
sulphur standard after July 15, 2006 [9,10].
“Ultra low sulphur diesel fue l has been introduced as a “technology 
enabler ” to enable the use o f  advanced, sulphur-intolerant exhaust 
emission control technologies, such as catalytic diesel particulate 
filters and oxides o f  nitrogen (NOx) catalysts, which will be 
necessary to meet the 2007 emission standards. " [9]
A survey o f the literature with regards to current diesel in-cylinder emission 
control strategies such as EGR, variable valve timing, suggests that these 
technologies alone may not be able to reduce emissions below the required 
2007 levels. Therefore, diesel engines will need to utilize aftertreatment devices to 
meet the new emission standards.
2.4. AFTERTREATMENT DEVICES
The three-way catalytic converter (TWC) has been widely used with spark- 
ignition engines for the past 2 decades. It can simultaneously remove NOx, CO and 
HC from the exhaust stream with high conversion efficiencies. This is achieved by 
operating the engine in a narrow range o f air-fuel ratios near stoichiometric. 
However, outside the narrow air-fuel ratio window of operation, the conversion 
efficiency reduces considerably on both rich- and lean-side of stoichiometry. This 
implies that devices such as the TWC cannot be effectively used with diesel 
engines that operate lean of stoichiometric composition.
As a result, a number of different devices are being researched for use with 
diesel engines. For PM control, DPFs are being targeted. The DPF consists of a 
wall-flow filter which physically traps the soot particles as the exhaust gases flow 
through the flow channels blocked at alternate ends. Collected particulates have to 
be removed from the filter, continuously or periodically, through thermal
10
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regeneration, that is, by burning or oxidizing the particulate in the filter at 
sufficiently high temperatures [1 0 , 1 1 ].
A number o f devices are being investigated for NOx reduction. These 
include the Selective Catalytic Reduction (SCR), Lean NOx Catalyst, and LNT 
(also known as NOx Adsorber). The SCR works by injecting a reducing agent 
(typically ammonia) into the exhaust gas stream before the catalyst. As the exhaust 
gases, along with the reducing agent, pass over a catalyst coated substrate, NOx is 
reduced to nitrogen. Frequently, urea is used as the source o f ammonia and such 
systems are called Urea SCR systems. The lean NOx Catalyst requires a diesel 
post-injection in the exhaust stream to add HC which act as a reducing agent. The 
LNT temporarily adsorbs or stores the exhaust NOx in the system during lean 
exhaust environment. A fuel-rich exhaust is then produced either by adjusting the 
engine operation or by a diesel post-injection to catalytically reduce the stored 
NOx. The efficiency of all these devices ranges from low at low temperatures to 
above 90% at high temperatures.
Several other devices such as the Diesel Oxidation Catalyst (DOC), sulphur 
traps may be used in conjunction with the above mentioned devices. A typical 
example is the continuous-acting catalytic DPF which utilizes a DOC in front o f the 
filter to generate nitrogen dioxide. The nitrogen dioxide is then used for oxidation 
of the accumulated soot.
2.5. CHALLENGES FOR DIESEL AFTERTREATMENT
There are a number of challenges for use o f the aftertreatment devices in 
diesel engines. Unlike the spark-ignition (SI) engines where the exhaust 
temperature is relatively high and within the temperature window for catalyst 
reactions, the exhaust from diesel engines is generally low and outside the optimum 
temperature range. This can especially be a problem during cold starts, where the 
requirement of rapid heating up of the catalyst may not be satisfied by the low 
temperature exhaust, causing problems with catalytic light-off. This is compounded 
by the fact that the EPA emission test cycles include transient cold test starts.
11
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Suitable chemical composition in the exhaust is also required for these 
aftertreatment devices to perform efficiently. The Urea SCR and LNT systems, for 
example, provide better conversion efficiency when nitrogen dioxide (NO2) is 
present in the exhaust instead of nitric oxide (NO). However, the quantity of NO2 
in the diesel exhaust is small, accounting for only 10-30% of the total oxides of 
nitrogen emitted by the engine [1].
A major difficulty with the satisfactory use of these devices with diesel 
engines is the abundance of oxygen in the exhaust. The LNT requires a periodic 
oxygen-deficient environment for conversion of the stored NOx to nitrogen and 
oxygen, and recovery o f the NOx storage sites. Diesel exhaust normally contains 
4-20%  of oxygen. The minimum exhaust oxygen for naturally aspirated engines 
can be 4-5%  and for turbocharged engines around 6 - 8 %. This implies that an 
oxygen-deficient environment has to be artificially produced for enabling reduction 
of NOx. This can be achieved either through a late injection o f fuel inside the 
cylinder during the blowdown phase or using a secondary fuel injector in the 
exhaust pipe for direct fuel injection near the entrance of the LNT device. Both 
these options require complex control strategies and accurate calibration to 
minimize the loss in fuel economy from the use of extra fuel.
The aftertreatment devices also require periodic high exhaust temperatures 
for the desulphation process. The sulphur present in the diesel fuel can contaminate 
the catalysts and deactivate them. For example, sulphur oxides are adsorbed in the 
LNT, thereby reducing the number of available sites for NOx storage. In a DOC, 
the formation o f sulphur dioxide increases at temperatures above 400°C, resulting 
in lower conversion efficiency [12]. To recover the efficiency of these devices, the 
substrate temperature has to be increased until the sulphur is released from the 
catalyst surface. This occurs at high temperatures, greater than 600°C for an LNT 
(13), and may lead to deactivation of the catalyst itself.
To regulate the TWC operation, lambda sensors are typically placed before 
and after the converter to sense any unbumt oxygen in the exhaust. These provide 
the necessary feedback to the engine controller for managing the air-fuel ratio 
slightly lean or rich of stoichiometric. However, aftertreatment devices for diesels
12
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require an accurate knowledge of the air-fuel ratio to enable control o f the exhaust 
oxygen which cannot be provided by current lambda sensors. Moreover, exhaust 
NOx sensors are also needed to estimate the LNT storage capacity and 
subsequently, the requirements of the regeneration phase. Currently, oxygen 
sensors known as lean-lambda sensors, are being produced that can provide 
feedback on the actual air-fuel ratio. NOx sensors are also being developed for 
diesel aftertreatment. However, issues of durability, aging, stability etc. need to be 
resolved before such sensors can be effectively used.
2.6. THERMAL RESPONSE
2.6.1. In-cylinder
Measured cylinder pressure traces can provide an insight into the 
combustion process in a diesel engine. The thermodynamic analysis of this pressure 
data over the compression and expansion strokes can be effectively used to 
quantify the combustion parameters that include the indicated mean effective 
pressure (IMEP), the rate of heat-release, maximum rate o f pressure rise etc. For 
diesel engine combustion studies, one common approach is the calculation of the 
rate of heat release with the units o f joules/degree. The rate of heat release is a very 
important parameter since this may have a very significant influence on combustion 
noise, pressure rise rate and NOx emissions [1,14].
When complicated commercial indicating equipment for combustion 
is not available, heat release analysis is usually performed offline from the cylinder 
pressure data recorded during experiments. However, this might prove to be 
inadequate in circumstances where in-cylinder post-injection strategy is employed 
for enabling diesel aftertreatment. A means of performing the heat-release analysis 
in real-time is necessary to provide feedback on the effectiveness o f the post­
injection.
The measurement of the engine-out exhaust gas temperature can 
directly show the temperature raise-ability of the in-cylinder post-injection. In SI 
engines, the end-gas temperature measurements inside the cylinder have been
13
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widely carried out with infrared and laser diagnostic techniques like Coherent Anti- 
Stokes Raman Spectroscopy (CARS) [15]. This requires small optical windows in 
the combustion chamber and a host of complicated equipment for managing the 
high-intensity laser beams. This technique however, is difficult to apply to diesel 
engines because o f the dissimilar nature of the diesel combustion process. The 
diffusion-controlled diesel combustion process produces a significant quantity of 
soot which can quickly block the optical access and induce large errors into the 
measurements.
Thin-wire resistance thermometers and fme-wire thermocouples 
have been used for measuring the rapidly fluctuating exhaust gas temperatures in 
the exhaust pipe [16, 17]. However, their use for in-cylinder temperature 
measurements is extremely difficult due to a number o f reasons. First is the 
difficulty in gaining direct access to the combustion chamber of a diesel engine. 
The valves and the diesel fuel injector generally leave little space for probes to be 
installed through the cylinder head. Secondly, the probe assembly must be able to 
withstand the high combustion temperatures and also effectively seal the 
combustion chamber and the water jackets in the cylinder head. Moreover, the life 
span of the thermocouple probes under such conditions can be very short (up to a 
few seconds) and hence requires frequent replacement as well as special 
manufacturing techniques. Thermocouples have been generally used in rapid 
compression machines which have a lower compression ratio and provide direct 
access to the combustion chamber. When put in actual engines, their use is 
generally limited to heat flux measurements under motored engine conditions. As 
such, there is no simple solution reported in the text for carrying-out the in-cylinder 
gas temperature measurements.
2.6.2. Exhaust System & Aftertreatment
The heat transfer in automotive exhaust systems has frequently been 
modelled using empirical correlations for fully developed flow in straight pipes. 
Konstantinidis and co-workers [18] developed a transient heat transfer model for 
different configurations of the exhaust pipes (single wall, double wall with air gap
14
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or insulation) and illustrated its application in the comparative assessment of 
different exhaust configurations for gasoline engines. They used the exhaust gas 
temperature, measured at the inlet of a straight section o f the exhaust pipe as the 
input to the model and predicted the gas temperature at the inlet o f the TWC, 
500 mm downstream. Chan et al. [20] also employed a similar approach to model 
the thermal response o f the exhaust gas during the engine cold-start phase. 
Moreover, they included the chemical reactions inside the TWC to predict the 
emissions downstream of the converter. The input to the model was again the gas 
temperature measured at the exhaust port.
The use o f measured gas temperature at any point along the exhaust 
system as input to the heat transfer model has certain disadvantages, the first and 
foremost being the inability of such models to accurately predict the actual gas 
temperature at any location. Thermocouples due to their thermal inertia take five of 
their time-constants to approach 100% of the step change value. Therefore, this 
methodology may not be able to accurately estimate the delay caused by the 
exhaust system thermal response to temperature spikes generated during engine 
transients. Secondly, when in-cylinder combustion measures like the effect of post­
injection on the exhaust temperature have to be analyzed, it may be necessary to 
estimate the engine-out exhaust gas temperature either numerically or empirically 
and use that as the input. This will ensure that the thermal response analysis 
characterizes the actual engine processes.
For diesel aftertreatment modelling, the thermal characteristics of 
aftertreatment devices have commonly been investigated by ignoring the thermal 
response of the exhaust system. The common approach is to use the temperature 
measured at the inlet o f the device as the input [22]. This approach is suitable as 
long as the aftertreatment device is analyzed in isolation. However, when diesel 
aftertreatment operations are enabled with in-cylinder combustion and post 
injection measures, the exhaust plenum may significantly affect the performance of 
the aftertreatment systems. Hence, any analysis o f the aftertreatment should 
invariably include the thermal response of the exhaust system.
15
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3. IN-CYLINDER COMBUSTION
Since diesel combustion is generally lean and essentially quality controlled, that is, 
the fuelling rate determines the load, the exhaust temperature is generally low and 
varies widely. This implies that aftertreatment operations like thermal regeneration 
of a DPF may not be possible under all engine conditions. To raise the exhaust 
temperature, a temperature spike can be generated in the engine by increasing the 
fuelling rate. Conversely, the in-cylinder post injection is an effective way to raise 
the exhaust temperature and/or to supply the combustible substances to the 
aftertreatment substrates as shown in Figure 3.1. The exhaust gas temperature 
management at low exhaust gas temperatures is important to achieve higher 
efficiency o f the diesel aftertreatment systems.
Exhaust Gas Temperature 




I Post \  
Injection j
y\
Requirement of High 
Exhaust Gas 
Temperature, for example 
for DPF Regeneration
TDC
Requirement of Supplying 
Combustible Substances 
to the Aftertreatment 
Devices
Figure 3.1: Purpose of Late Post Injection (Adapted from [21])
16
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Chapter 3: In-cylinder Combustion
3.1. STUDY OF POST-INJECTION STRATEGY
To investigate the thermal characteristics of the post injection strategy for 
aftertreatment operation, theoretical investigations were carried out using Ricardo’s 
WAVE software (Ricardo, UK). The engine model o f WAVE is a time-dependent 
simulation o f in-cylinder processes, solved using equations for mass and energy. 
The mass balance equation accounts for changes in the in-cylinder mass due to 
intake and exhaust flows and also due to fuel injection. The energy equation is 
based on the first law of thermodynamics and balances the change in internal 
energy of in-cylinder gases to the sum of enthalpy fluxes in and out of the cylinder, 
heat transfer and work done by the piston.
3.1.1. Effect of Injection Timing on Exhaust Gas Temperature
The supplemental fuel injection timing can have a significant impact 
on the exhaust gas temperature and the energy penalty associated with it. A 
simulation was setup for a single cylinder diesel engine to study the effects of 
injection timing on the exhaust gas temperature and the energy utilization ability of 
the post-injection. The engine specifications used in the simulation were similar to 
the actual engine used for experimental investigation and are given in Table 3.1:
Table 3.1: Simulated Engine Specifications
Type Single Cylinder, 4 Stroke, Diesel




Connecting Rod Length 178 mm
No of Valves 2
Main Injection Timing 5 0 BTDC
Post Injection Timing 1 0 -  150° ATDC
Engine Speed 1 2 0 0  -  1500 rpm
17
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The simulations were first configured for constant engine power 
output. The main injection timing was fixed at 5°BTDC and the post-injection 
timing was shifted from 10°ATDC to 150°ATDC. The power was kept constant by 
increasing the fuel quantity o f the main injection pulse to compensate the power 
loss caused by the delay of the fixed post fuel quantity. If  the logarithm of the 
cylinder pressure is plotted against the logarithm of the cylinder volume, the effect 
of the late post-injection on the exhaust temperature for the same power output can 














rrif total: 21 mg/stk No Post Injection 
Post Injection @ 10 Deg ATDC 
Post Injection @ 50 Deg ATDC 
Post Injection @ 100  Deg ATDC 
 Post Injection @ 150 Deg ATDC
mf total: 26.8 mg/stk Speed: 1200 rpm 
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mt total: 21 mg/stk
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Figure 3.2: Effect of Post Injection Timing on Exhaust Gas Temperature
(Constant Power)
The modelling results indicate that as the post fuel injection is 
progressively delayed, there is a trade off between the energy recovery and the 
exhaust temperature rise. When post injections commence near the end o f the 
expansion stroke, the exhaust valve has already started to open and due to the high 
compression ratio o f diesels, the average cylinder temperature is quite low; hence 
the effectiveness of the post-injection to raise the exhaust temperature may 
decrease significantly.
18
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In this research, the position or timing of the in-cylinder post 
injection pulses has been classified into the following three categories:








Simulations were also carried out on the same energy and same 
engine-out exhaust temperature basis to analyze the fundamental effects o f post­
injection on diesel combustion. For the same energy simulations, the aim was to 
estimate the maximum temperature raising potential of the post-injection. The total 
fuel injection quantity was kept constant while the post-injection timing was 
retarded from TDC. The main- and the post-injection quantities were equal and 
user-defined bum profiles were input to ensure complete combustion o f the post­
injection. As the post-injection was delayed, the temperature raise-ability increased 














Log (Total Volume/ Clearance Volume)
Figure 3.3: Same Energy Results for Different Post-injection Timing
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For the same engine-out exhaust temperature simulations, the target 
temperature was set at 430°C, equivalent to a typical mid-load diesel exhaust 
temperature. The injection quantities for both the injections were adjusted as the 
post injection was retarded to achieve the target temperature. The results are shown 
in Figure 3.4. It can be seen that that the injected fuel quantity slightly decreased as 
the post-injection timing was retarded. The power output also decreased 
significantly, indicating the low energy utilization ability o f the late-post injection.
rrif total: 18 mg/stk 
"iMEP: 4.6 Bar
-------- No Post Injection
— —  Post In ection @ 10 Deg ATDC
—  Post In ection m 40 Deg ATDC
..........Post Inj ection @ 90 Deg ATDC
-  -  ■ Post In ection @ 120 Deg ATDC
m( total: 16.9 mg/stk 
IMEP: 3.74 Bar
mt total: 17.4 mg/stk 
IMEP: 4.4 Bar
mf total: 15.32 mg/stk 
IMEP: 2.7 Bar
S p eed : 15 0 0  rpm 
Pinj: 9 0 0  Bar 
Tram Inj: 5  D eg  BTDC  
exhaust- 4 3 0  C
m( total: 15.24 mg/stk 
IMEP: 2.55 Bar
1.4
Log (Total Volume/ Clearance Volume)
Figure 3.4: Same Energy Results for Different Post-injection Timing
The early post injection is very effective to produce power owing to 
the almost unaffected cylinder effective expansion ratio after the post fuel pulse 
catches fire. However, the temperature raise-ability is minimal. The mid post 
injection, especially the late-mid post, has the strongest effect to raise the engine 
exhaust temperature, while its power production capability is compromised by the 
reduced effective cylinder expansion ratio o f the post flame. The late-post injection 
has little power production capability because o f the minimum effective expansion 
ratio. The ATexh effect can be significant under high load engine operations that
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Chapter 3: In-cylinder Combustion
have a high cylinder charge temperature at the time of the post injection. Under low 
load operations, however, the late post may not get ignited thus the fuel supplied 
in-cylinder will be passed to the aftertreatment devices downstream [24],
The energy utilization ability reduces as the post pulse is postponed, 
which can be explained by the effective expansion ratio o f the post injection flame. 
Conversely, the T raise ability peaks at a mid post injection timing as shown in 
Figure 3.5.
6 5 0
S p e e d : 1 2 0 0  rpm 
Tmain Inj: 5 D eg  BTDC  
mf post: 9  m g/cycle  
IMEP: 5 .2  bar
I Exhaust Temperature 
■Total Fuel Injected
5 5 0  -
15 o
x  4 5 0
IXI
10 15 05 0  10 0  120
P ost Injection Timing (Deg ATDC)
Figure 3.5: Summary of the Post Injection Simulations (Constant Power) 
3.2. POST-INJECTION EXPERIMENTS
To verfiy the post injection simulation results, physical experiments were 
performed on a single cylinder diesel engine with specifications similar to those 
shown in Table 3.1. Based on the classification of the post-injection timing (Table 
3.2), the effect o f early, mid and late post injection timings on the exhaust gas 
temperature were analyzed. The test was configured in such a way that the pilot and 
main fuel injection quantities and timings were fixed when the post pulse was 
turned on. The fuel quantity of the post injection was moderated to maintain the 
same IMEP as the post timing was shifted. A summary o f the results is shown in 
Figure 3.6 on the next page.
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Figure 3.6: The Effect of Post-injection Timing in Raising the Engine Exhaust 
Temperature. Upper: Heat Release Rate; Lower: Ln (p) versus Ln (V).
The empirical results also indicated that as the post fuel injection was 
delayed, there was a trade off between the energy recovery and the exhaust 
temperature rise [24].
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3.3. EXPERIMENTAL SETUP FOR IN-CYLINDER 
MEASUREMENTS
The experimental part of the in-cylinder research focused mainly on 
designing and setting up the measurement of in-cylinder temperature and pressure. 
The measurement o f in-cylinder pressure and temperature are essential for 
assessing the quality of combustion. Analysis of cylinder pressure history over the 
closed part o f the engine cycle provides a classical diagnostic for studies of heat 
release rates and overall combustion efficiency [1]. Exhaust gas temperature 
measurements can give a better understanding of various engine processes and can 
help in performance improvement of the catalytic converter [25]. With 
supplemental fuel being supplied for afitertreatment in the cylinder, it is critical to 
be able to estimate the engine-out exhaust temperature. Moreover, the in-cylinder 
measurements can give a fairly good estimate o f the energy penalty and the 
resulting decrease in the combustion efficiency.
Foregoing in view, the cylinder head of a single cylinder diesel engine, 
manufactured by Yanmar Corporation, was modified so that the direct 
measurement o f the cylinder pressure and temperature could be carried out. The 
detailed specifications o f the engine are given in Table 3.3.
Table 3.3: Engine Specifications for Yanmar NFD 170E
Type Single Cylinder, 4 Stroke, Diesel
Bore x Stroke (mm) 102 mm x 105 mm
Displacement 0.857 Litres
Compression Ratio 17.8:1
Connecting Rod Length 178 mm
Injection Timing 17 0 BTDC
Intake Valve Opens 7 °BTDC
Intake Valves Closes 45 °ABDC
Exhaust Valve Opens 45 °BBDC
Exhaust Valve Closes 15 °ATDC
Combustion System Direct Injection
Cooling System Water Cooled |
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This engine was also used in carrying out the thermal analysis o f the 
exhaust system which is discussed in Chapter 4. The secction o f the cylinder head 
showing modifications is shown in Figure 3.7. The modifications included making 
holes in the cylinder head, manufacturing o f mounting sleeves and dummy sensors. 









Figure 3.7: Section of the Cylinder Head showing Modifications 
3.3.1. Cylinder Head Modification
The cylinder head was modified to allow placement o f both the 
pressure sensor and the thermocouples. For this purpose, two suitable locations 
were identified on the cylinder head. Besides the availability o f space which was 
dictated by the physical dimensions o f the cylinder head, important considerations 
for selection o f the locations included mounting the sensors as close as possible to 
the combustion chamber and utilizing the cooling jackets for cooling the mounting
24
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The correct finish of the machined surfaces (indicated in Figure 3.8) 
is essential for adequately sealing the combustion chamber and the cylinder head 
water jackets. The surface finish is commonly defined in terms o f its roughness 
values. Roughness consists of surface irregularities resulting from various 
machining processes and is defined by the International Standards Organization 
(ISO) standard “DIN ISO 1320:1992” in terms o f “N numbers”. These numbers or 
roughness grades correspond to the average roughness values in micrometers or 
microinches. The N numbers and their equivalent roughness values are given in 
Table 3.4.
Table 3.4: Surface toughness Grades
1 Roughness Values RoughnessGrade Finish
Micrometers Microinches N Numbers
50 2 0 0 0 N12
Rough




3.2 125 N 8
1 .6 63 N7
Smooth Turned
0 .8 32 N 6
0.4 16 N5
Ground Finishes
0 .2 8 N4
0 .1 4 N3
0.05 2 N2
0.025 1 N1
When o-rings are used for sealing, a smooth surface finish with a 
roughness grade o f N5 or less is desirable. Therefore, the two holes were finished
26
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with jig  grinding to achieve the required surface finish. The machined cylinder 
head is shown in Figure 3.9.
Machined
Holes
Figure 3.9: Machined Cylinder Head
3.3.2. Mounting Sleeve
Two mounting options exist for the pressure transducer: it can be 
mounted directly in the cylinder head or a sleeve can be used to mount the 
transducer. Since it was not possible to avoid passing through the cylinder head 
water jacket for the hole location, it was decided to install a sleeve for mounting the 
pressure transducer. This has the advantage that both the sleeve and the sensor are 
cooled by the coolant flow o f the engine. Since such a sleeve was not available 
from the transducer manufacturer, a mounting sleeve was designed and fabricated. 
The design o f the sleeve was generous so that it could also accommodate adapters 
for mounting thermocouples or other probes.
The sealing at the combustion chamber end was provided by a 
bronze seal while o-rings were installed at the other end to seal the water jacket. 
For ensuring proper sealing with o-rings, the o-ring dimensions and the groove 
design must fulfil the following requirements. First, the o-ring must be compressed
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by a predetermined amount, and this compression determines the o-ring cross- 
section diameter. Moreover, the groove width must be larger than the o-ring cross- 
section diameter, to accommodate the radial expansion o f the o-ring when it is 
axially compressed. The correct use o f an o-ring is illustrated in Figure 3.10 and the 
mounting sleeve design along with the manufactured sleeve is shown in 
Figure 3.11. All dimensions are in millimetres (mm).
O-ring ID = 0.98 x  Gd 
O-ring CS = (Bd - Gd) /  2 
GW  = 1.5 x  O-ring CS
where
Gd = Groove D iam eter 
CS = Cross Section D iam eter 
Bd = Bore D iam eter 
GW  = Groove W idth
Groove Width
Groove Depth






Figure 3.11: Mounting Sleeve
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3.3.3. Dummy Sensor
To mount the thermocouples, a dummy sensor was designed and 
fabricated similar to the pressure transducer as shown in Figure 3.12. A 9/64” hole 
drilled through the dummy sensor, allowed thermocouple probes up to 1/8 ” 
thickness to be inserted into the combustion chamber. Standard compression 
fittings were installed at the top end o f the dummy sensor to hold the thermocouple 
probes in place and provide adequate sealing. Moreover, a dummy sensor (plug) 
without the centre hole was also fabricated to seal the combustion chamber if  and 
when required. All dimensions are in millimetres (mm).
M8 x 0 . 7 5
0 9 / 6 4
1 / 8 "  N P T
' - I
Hex 12mm
Figure 3.12: Dummy Sensor for Thermocouple Placement
3.3.4. Thermocouple Probes
Bare-wire fine-gauge K-type thermocouples o f two different sizes 
(25 and 127 pm wire diameter) were selected for making the thermocouple probes. 
To electrically insulate the thermocouple wires and expose only the thermocouple 
junction to the combustion gases, ceramic insulators with maximum service 
temperature o f 1950°C were used. These insulators, available in two-hole and four- 
hole configurations were used to construct single- and two-thermocouple probes. 
The insulator along with the thermocouple wires was housed in 1/8” diameter 
stainless steel protection tubing and the assembled probe was secured in the
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dummy sensor using stainless steel compression fittings. A finished thermocouple 
probe is shown in Figure 3.13.
Figure 3.13: Thermocouple Probe (The insert shows the Thermocouple 
Junction at lOOx Magnification)
3.3.5. Assembled Cylinder Head
The existing cylinder head of the Yanmar engine was replaced with 
the modified head. A piezo-electric pressure transducer was installed in one sleeve 
while a dummy plug was placed in the other. The new setup was tested for 
operational stability before the temperature measurements were attempted. The 





Figure 3.14: Installed Cylinder Head
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3.4. TEMPERATURE AND PRESSURE MEASUREMENT
Ideally, the instantaneous in-cylinder temperature is needed, so that the 
transient phenomenon can be observed. However, the accurate measurement of in­
cylinder temperature is complicated because of two reasons: first, the temperature 
varies from about room temperature to around 2000°C every combustion cycle and 
the frequency of this temperature variation is typically in the order of several kHz. 
If temperature is to be recorded at a crank angle resolution o f 1 degree, the required 
sampling rate is 6  kHz at 1000 rpm and 10 kHz at 2000 rpm. Second, 
thermocouples are normally used for measuring time-averaged temperatures and 
they cannot measure the instantaneous temperature because of their limited 
dynamic response (typically 0.1 Hz to 10 Hz). Hence, to improve the response of 
the thermocouples, a two thermocouple temperature reconstruction technique was 
adapted.
3.4.1. Temperature Reconstruction Technique [25 -  28]
Assuming that the temperature distribution o f any cross-section of 
the thermocouple wire is uniform at any instant, from energy balance, we get
P,cC,cd tc dTtc ktcd lc d2Tlc £Ra :









Tg = gas temperature (K)
Tte = thermocouple wire temperature (K)
p t c  ~ density of the thermocouple wire (kg/m )
Ctc ~ specific heat capacity of thermocouple wire (J/kg K)
k tc  ~ thermal conductivity o f thermocouple wire (W/m K)
d ie diameter o f the thermocouple wire (m)
h local heat transfer coefficient (W/m2 K)
SR emissivity
<7 = Stefan-Boltzmann constant (5.67 x 10' 8 W/m2 K4)
T surr Surrounding Temperature (K)
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Equation (2) states that the difference between the gas temperature 
and the thermocouple wire temperature is due to three terms on the right-hand side. 
The first term is the dynamic effect. Because the thermocouple wire has a finite 
mass, its temperature cannot follow the changes in gas temperature instantaneously. 
The second part is the conduction term: the probe support will generally respond to 
the change in gas temperature more slowly than the wire, so a temperature gradient 
will exist between the wire and the support, and heat will conduct from or to the 
wire. The last part o f the equation is the radiation term. The surroundings are 
normally colder than the thermocouple, so heat will radiate from the thermocouple 
to the surrounding [25]. For thermocouples with high length to diameter ratio, 
conduction can be assumed negligible. Moreover, since the temperature difference 
between the exhaust gas and the pipe-wall is mostly less than 400°C, the radiative 
heat transfer from the thermocouple can also be neglected and Equation (2) can be 
reduced to
(3)
Equation (3) is not strictly true but has been shown to be a good 
approximation [29,30]. Equation 3 is a first-order differential equation, completely 
characterized by r  where r  is the time constant defined as
^  _  P , c Ctcd ,c _  P t c £ , c d <c
Ah ANu k
In Equation 4, the local heat transfer coefficient h plays an essential 
role in estimating the time constant and is normally given by a non-dimensional 
expression for its Nusselt number, Nu.
The temperature reconstruction technique using two fine-wire 
thermocouples for simultaneous estimation of the thermocouple time constants and 
the fluctuating temperatures (proposed by Tagawa and Ohta [27]) can be adapted to 
transient temperature measurements in the internal combustion engine for both in­
cylinder gas or the engine exhaust-gas temperature measurement.
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This technique involves placing two thermocouples of different 
thermal inertia as close as possible inside the combustion chamber or the exhaust 
system in either a parallel or a radial configuration, as shown in Figure 3.15. If T/ 
and T2  are the temperatures of thermocouples 1 and 2 , while T/ and X2  denote time 
constants of thermocouples 1 and 2, then Equation (3) can be written as
dTx
T g i -  + t.







Figure 3.15: Two-Thermocouples in Radial Configuration (Adapted from [28])
Tagawa and Ohta showed that by minimizing the time-averaged 
difference between the compensated temperatures Tg, and Tg 2 using the method of 
least squares, the time constants r, and r2 become
_  _  £ G !! X E G , A r ! 1) - ( £ G , G J ) £ ^ _ A 7,! , )
where
= ( Z G ’X y O ^ - d G . G , ) 1
( £ G |G : X Z G.Ar2 , ) - ( Z G.2X 2 ;G iA7.,)
(I G,!X £ G ’ ) - ( E G,G; ) 2
i  = ( i / a o i : , A T  = T - T
G2 = dT2 1 d t
(6)
G, = dTx I d t
N  is the number of samples per thermocouple in the time interval At 
and superscript i is the sample at the time iAt.
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Having determined the time constants from Equation (6 ), the 
temperatures TgI and Tg2 can be found from Equation (5). The reconstructed 
temperature may be taken as an average or the reconstruction from the 
thermocouple with the smaller time constant. This model was programmed in 
LabVIEW for both in-cylinder and exhaust gas temperature prediction. The 
temperature and time constant data were concurrently saved to a file. The model 
was also programmed in ‘C’ language for offline analysis. The application of the 
technique to reconstruct the exhaust gas temperature is given in APPENDIX A.
3.4.2. Combustion Heat Release Analysis
Cylinder pressure versus crank angle data can be processed to obtain 
quantitative information on the progress and quality of combustion. One useful 
technique is the heat release analysis, which yields the rate of release of the fuel’s 
chemical energy [1]. This can help in determining the combustion efficiency as 
well as the indicating the effectiveness of the post-injection in raising the exhaust 
gas temperature for aftertreatment.
The phenomenological "engine heat release" model is based on the 
First Law of Thermodynamics and encompasses the following
assumptions [14, 31]:
(1) Uniform thermodynamic properties and gas composition 
throughout the combustion chamber; Heterogeneity of the charge is 
neglected (fuel vapour and products are treated as a mixture of ideal 
gases)
(2) The apparent heat release process is based on the average 
properties in a single zone, and thus does not distinguish between 
burned and unbumed zones.
(3) Equilibrium thermo-chemistry is assumed (chemical 
dissociation is ignored).
(4) The sensible enthalpy from fuel injection is neglected.
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Based upon these assumptions, the first law for the in-cylinder 
charge during the period from intake valve closure (IVC) to exhaust valve closure 
(EVC) for the crank angle interval d0, can be written as:
where
dQn dQgr dQhl _ dU  dV
dd dO dO dO P dO
dU  = change in sensible internal energy (J)
iiSi3̂ gross heat release due to combustion (J)
IIc3̂ net heat release (J)
IIĴ3 heat transfer to cylinder wall (J)
dV
•>
change in cylinder volume, and (m )
P cylinder pressure (Pa)
(7)
Assuming the working fluid as an ideal gas, further equations can be 
written as follows:
dU dT = mcv —
dO v dO
(8)
dV  Tr dp _ dT  













trapped mass (kg) 
specific gas constant (287 J/kg K) 
specific heat at constant volume (J/ kg K) 
ratio of specific heats, and 
temperature (K)
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Substituting Equations (8 ) to (10) in Equation (7) gives the apparent 
heat release rate equation:
dQ n_  1
dt y - 1
dV rr dp 
y p —  + V —  
dt dt ( 11)
Equation (11) omits the effect o f crevice volumes and assumes the 
charge to be at the same temperature. The cylinder pressure is assumed to be 
uniform throughout the combustion chamber which is valid for the direct injection 
diesel engines. Previous research [32 -34] has shown that, with the exception of 
cylinder charge-to-wall heat transfer, these additional effects are usually small and 
can be neglected with minimal loss of accuracy. The charge-to-wall heat transfer is 
also often omitted for simplicity and the heat release thus determined is referred to 
as the “net” heat release. When heat transfer effects are included, the heat release 
energy calculated is described as the “gross” heat release. Net heat release values 
are typically 15% lower than those obtained on a gross heat release basis [1]. Net 
heat release values are very often used in preference to gross heat release values 
because this reduces the amount o f computation and avoids the need for heat 
transfer parameters to be specified.
The heat release rate from Equation (11) can either be obtained with 
constant gas properties or with crank angle-resolved gas properties. Investigation of 
the effect of temperature-dependent versus constant y  on the heat release rate 
showed that the general shape o f the heat release curve remains the same while the 
magnitudes o f the burn rates would be inaccurate. A comparison with a 
comprehensive heat release model which accounts for charge-to-wall heat transfer, 
crevice volume effects etc was also carried out. It was observed that the heat 
release rate computed from Equation (11) was comparable in terms of the 
combustion phasing and varied in magnitude to some extent. The results were put 
into a conference paper which is reproduced in APPENDIX B.
The heat release model described above was programmed in 
LabVIEW for performing online analysis to study the effect o f variation of 
different combustion parameters on the quality of combustion. Moreover,
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combustion parameters like peak pressure and position of peak pressure, maximum 
rate o f pressure rise and its position, IMEP & start o f combustion were also 
determined as shown in Figure 3.16.
10 -
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Figure 3.16: Heat Release Program
3.5. EXPERIMENTAL RESULTS
The measurement of in-cylinder temperature was attempted according to the 
test matrix given in Table 3.5 on the next page. The fine-wire thermocouples had a 
short life-span when exposed to the diesel combustion environment as indicated by 
the time duration o f the test.
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Table 3.5: Test Matrix for In-Cylinder Measurements
Thermocouple 
Probe # 1 2 3 4
Number of 
Thermocouples One Two One Two
Wire Size 127 pm 127 pm 




(rpm) 1 2 0 0 1400-1500 1300-1500 1300-1500
Torque
(Nm) 20-50 20-50 10-45 10-45
Time Duration 
(sec) -70
i 00 o -150 >240
The thermocouple temperature was amplified and conditioned using a 
National Instruments’ (NI) SCXI-1102 thermocouple signal conditioning module. 
The sampling rate was set at 7.2 ~ 9 kHz to correspond to the engine speed and 
provide temperature data at each crank angle. The initial results for one combustion 
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The initial results were far-off from the expected in-cylinder temperature 
profile that should have shown the four processes (intake, compression, expansion 
or exhaust) o f the diesel combustion cycle. The temperature data from probes 1,3 
and 4 also failed to capture the transient in-cylinder temperature response. This 
could be attributed to the slow response o f either the thermocouples or the data- 
acquisition system. Thermocouples with wire diameter of 125 pm have been shown 
to provide adequate response for instantaneous exhaust temperature 
measurement [30]. Therefore, the inability to capture the transient phenomenon 
indicated that the problem possibly existed in the data-acquisition system.
A closer look at the signal conditioning unit, SXCI-1102 revealed that it had 
a built-in low pass filter with a cut-off frequency o f 2 Hz. This meant that the unit 
essentially blocked frequencies in the range required for in-cylinder measurements 
(5-9 KHz). To confirm the limitation o f the signal conditioning unit, the raw output 
of the thermocouple was observed with an oscilloscope along with the raw output 






—  Thermocouple Output








50 150 200100 
Time (ms)
Figure 3.18: Analysis of the Thermocouple Raw Signal
The piezo-electric voltage drops as it is compressed during the compression 
storke. The sharp drop in the piezo-electric transducer signal specified the start of 
combustion near the end of the compression stroke and a corresponding sharp rise
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in the thermocouple output voltage was also observed as marked in the figure. This 
indicated that the thermocouple was generally able to capture the effect o f the 
combustion event but the same could not be concluded for the complete diesel 
cycle due to the low signal-to-noise ratio o f the thermocouple output. As the 
pressure starts to decrease, the piezo-electric sensor starts to expand which results 
in reversal o f the raw voltage as shown in the figure.
The response o f an ‘80TK’ thermocouple module, manufactured by Fluke 
was also checked by generating a millivolt source which could simulate the output 
of a Type K thermocouple. The frequency o f the signal was varied and the response 
of the temperature module observed on the oscilloscope is shown in Figure 3.19.
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Figure 3.19: Response Time of Fluke® 80TK Thermocouple Module
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The response time of the module was observed to be more than 100 ms at a 
frequency o f 1 Hz due to the builtin low-pass filter. On the other hand, for an 
engine running at 1200 rpm, the compression and the expansion strokes (one 
engine revolution) occur within approximately 50 ms. Hence, this module could not 
be used for in-cylinder temperature measurement.
3.6. CONCLUDING REMARKS OF CHAPTER 3
The effect o f post-injection on the exhaust gas temperature was simulated 
using WAVE. The results indicated that as the post fuel injection is progressively 
delayed, there is a trade off between the energy recovery and the exhaust 
temperature rise. The same was verified through experimental investigations. To 
analyze the diesel combustion, an online heat release analysis program was written 
in LabVIEW. Moreover, a temperature reconstruction technique for estimating the 
instantaneous temperature using two thermocouples was also implemented. To 
realize in-cylinder temperature and pressure measurements, the cylinder head of the 
Yanmar single cylinder diesel engine was modified. The component design and 
modifications were proved successful as the modified cylinder head passed the 
operational stability and leakage tests. The measurement o f in-cylinder temperature 
could not be accomplished because of the limitation of the data acquisition system. 
A few attempts with direct measurement using oscilloscope and other 
thermocouple conditioning modules did not prove successful.
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4. EXHAUST SYSTEM THERMAL RESPONSE
The design of the exhaust manifold and takedown piping significantly affects the 
exhaust gas inlet temperature into the aftertreatment converter and, consequently, 
the temperature levels attainable inside the converter substrate. Varying the exhaust 
system design particularly the exhaust pipe structure, wall thickness etc can be a 
viable option for reducing the heat transfer. As part o f this research, two different 
exhaust pipe structures were analyzed as shown in Figure 4.1. The single-layer 
exhaust pipe is the conventional design employed in most vehicles. An alternate 
option can be a double-layer exhaust pipe with an air gap between the outer wall 
and the inner wall. Since air is a good insulator (k value ranges 
from 0.025 ~ 0.06 W/ m K from 25°C to 600°C), this air gap can be effective in 










► - ......................  -
- t ^  Inner Wall
Double-wall Exhaust Pipe 
Figure 4.1: Exhaust Pipe Structures
4.1. HEAT TRANSFER IN THE EXHAUST PIPE
Heat transfer in the exhaust pipe is mainly due to conduction along the 
exhaust pipe, convection and radiation between the exhaust gas and the exhaust 
pipe, and between the exhaust pipe and the environment [35]. In the usual case o f a 
moving vehicle, forced convection and radiation to the underhood airflow become 
significant and must be taken into account [19].
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The different modes of heat transfer for the two configurations of the 












Node mi-1 Node m Node mri-1
L x
Figure 4.2: Heat Transfer in different Exhaust Pipe Configurations (Adapted
from [18])
In the single-wall structure, heat transfer occurs due to forced convection 
between the exhaust gas and the pipe walls, heat conduction along the pipe and 
either natural or forced convection from the pipe wall to the environment. 
Moreover, at temperatures about 400°C, convection and radiation heat transfer from 
the pipe wall to the environment increases significantly. [18].
For the double-wall pipe, in addition to the modes for a single wall pipe, 
heat transfer is characterised by natural convection through the air gap and radiative 
heat transfer between the outer surface of the inner pipe and the inner surface of the 
outer pipes.
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4.1.1. Governing Equations
The flow inside the exhaust pipe can be described by three variables: 
pressure, density and velocity which are governed by the equations of energy, mass 
and momentum. The pressure range of the flow in automotive exhaust systems is 
generally quite narrow since the pressure variations in automotive exhaust systems 
are o f the order o f a few millibars. Hence, the pressure can be assumed constant. 
This also allows the computation of the exhaust gas density as a function of 
temperature only. Assuming quasi-steady, incompressible exhaust flow, the energy 
balance equation for the exhaust gas can be written as
3T 8T q
— g-  + u — L = ----------------------------------------------(12)
dt dx Pxc K
where
u = exhaust gas velocity (m/s)
Tg = exhaust gas temperature (K)
t = time (s)
x = axial coordinate o f the exhaust pipe (m)
qcvj = convective heat transfer rate inside the pipe (W)
-j
pg = exhaust gas density (kg/m )
cpg = specific heat o f gas at constant pressure (J/kg K)
V\ = control volume o f exhaust gas in the pipe (m3)
For the single-wall exhaust pipe, the radial temperature gradients 
can be neglected due to the thin wall structure and the high thermal diffusivity of 
the metal. Considering the heat transfer between the exhaust gas and the pipe 
through convection and the heat transfer to the environment through convection 
and radiation, the energy balance equation for the pipe wall can be written as
^ k = _  8 %  - l , , n
dt p dx2 Ppcpr(AVp)
where
Tp = pipe wall temperature (K)
j
ap = thermal diffusivity (m /s)
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convective heat transfer rate to environment (W) 
radiative heat transfer rate to environment (W)
-3
density of the pipe material (kg/m ) 
specific heat of the pipe material (J/kg K) 
segment volume of pipe wall (m3)
In case o f the double-wall pipe, the air gap between the inner and 
the outer layers of the double-walled pipe utilizes the insulating properties of air. 
The inner layer is usually kept very thin to reduce the thermal inertia and the outer 
layer is made thicker to provide strength and rigidity to the pipe structure. 
Neglecting the radial temperature gradients in both the pipes, and taking into 
account the heat transfer between the two pipes through natural convection and 
radiation, the energy balance equation for the inner pipe is
dT d2T
^ -  = a
dt ps dx2
" p,i j QcvJ Qcv,gap Qrad,gap
p  c (AV )f'p.t ppty p,id
(14)




a p,o I cv,gap +  Qrad, i cv,o Qrad,oP ,o dx p  c (AV )^ P , 0  P p , ,P  P , 0 j
(15)
TP,i = inner pipe wall temperature (K)
T  =1 p,0 outer pipe wall temperature (K)
<Xp,i ~
ry
thermal diffusivity of inner pipe (m /s)
(%p,o ~ thermal diffusivity o f outer pipe (m2/s)
tfcv.gap ~~ convective heat transfer rate inside air gap (W)
qrad,gap ~~ radiative heat transfer rate inside air gap (W)
Pp,i ~
•a
density o f the inner pipe material (kg/m )
Pp.o ~ density of the outer pipe material (kg/m )
c Pp.> ~ specific heat of the inner pipe material (J/kg K)
Cpp.o ~ specific heat o f the outer pipe material (J/kg K)
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AVpj = segment volume of the inner pipe wall (m3)
-3
AVp o = segment volume of the outer pipe wall (m )
4.1.2. Heat Transfer from Exhaust Gas to Pipe
The convective heat transfer rate from the exhaust gas to the pipe 
wall for each node is given by the following equation:
qcv,i = K ^ d x -  TP) ( 16)
where
hcvj = inside convective heat transfer coefficient (W/m2 K) 
Nu k ,
d  ̂
d\ -  pipe inside diameter (m)
Nu = Nusselt number
kj = thermal conductivity of exhaust gas (W/m K)
To estimate the convective heat transfer coefficient inside the pipe, a 
number o f empirical Nusselt number correlations for fully developed flow in a 
straight pipe are available in the literature [18, 36]. These are usually applied based 
on the average flowrate o f the exhaust gas. The following correlation proposed by 
Petukhov and Gnielinski is generally used for estimating the heat transfer in 
automotive exhaust systems and was adopted [18, 37, 38]:
( f / S ) ( Re  -1000) Pr
Nu = ■
1.07 +12.7 ( /  /8 )1/2(P r2/3 -1 )
for \0)A < Re < 5 x 106 (17)
N u=  i f ' W e ) P r
1.07 + 1 2 .7 (/ l % y \ P r zl i-1)
for Re < 104 (18)
where
/  = friction factor
Re = Reynolds number
Pr = Prandtl number
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The friction factor / accounts for the effect o f surface roughness and 
can be determined by the following equation:
1 + 2  log
i f
f  e /  A
/ d x 2.51
3.7 R e j f
= 0 (19)
where
s  = absolute surface roughness (m)
Typical values for surface roughness are 2.59x1 O'4 m for cast iron 
pipe and 1.52 x 10’6 m for steel pipe [20].
The heat transfer between the exhaust gas and the pipe wall is 
enhanced in the vicinity of 90° pipe bends as the turbulence o f the flow increases. 
This effect is accounted for by using the following correlation [18]:
=1 + J f l  (20)Nustraigh, Re dbend
Since the actual flow in the exhaust system is pulsating, the 
observed heat transfer rates are higher than those predicted by correlations for 
straight pipes with fully developed flow. Therefore, a gas pulsation factor or 
convective augmentation factor (CAF) with values between 1.5 and 3 is used to 
account for fluctuations in the exhaust flow [18, 20]. The thermal properties of the 
exhaust gas are evaluated at Tg.
4.1.3. Heat Transfer from Pipe to Environment
The convective heat transfer from the pipe outer surface to the 
environment is given by:
f v,o = K , ^ d , M TP -  Tenv) (21)
where
Tenv = environment temperature (K)
j
hcv,0 -  outside convective heat transfer coefficient (W/m K)
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d0 = outer diameter o f the pipe for single-wall structure 
and outer diameter o f the outer pipe in case of double-wall structure (m)
The outside convective heat transfer can either be due to free 
convection (in case of a stationary vehicle) or forced convection (in case of a 
moving vehicle). If heat transfer due to free convection is assumed, the Nusselt 






Nu = 0.75 +
O M I R a 1/ 6
Ra =
[l + (0 .5 9 9 //’r ) 9/,t] 




gravitational acceleration (9.81 m/s ) 
volumetric thermal expansion coefficient (K '1) 
1
For forced convection, the correlation proposed by Gnielinski is 
used for estimating the Nusselt number:
where
Nu -  0.3 + yj{Nufaminar + Nu]urbuknt)
for \ 0 < R e <  107
^laminar = 0.664J fo T  \[Pr
Nu
0.037Re08 Pr




All properties are evaluated at the average temperature (Tp + Tenv)l2.
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The radiation heat transfer rate from the pipe outer surface to the 
environment is given by:
where
sr = emissivity
4.1.4. Heat Transfer between Inner and Outer Pipes (Air Gap)
For a double-wall pipe, the inner pipe has typically a much higher 
temperature than the outer pipe which is cooled by either natural or forced 
convection to the environment. The primary modes of heat transfer between the 
two pipe layers are natural convection and radiation. For estimating the heat 
transfer due to natural convection, Stamatelos et al [18] used the following 
empirical correlations for two long horizontal concentric cylinders.
Nu k
hgap = gap gap (28)
Sgap
Nugap =0.2 Ra™
f  i  ^ '5 a3
\ d 2 j
(29)
Ra JgapPgap^fp,, TP,o) (3Q)
ocgapvgap
*■3■yfdydy d
s^ = ~ r \ d 2J
(31)
where
air gap thickness (m)
The convection heat transfer in the air gap is then given by:
t , , AaP = hgap̂ 2 ^ { T p i -  Tp o) (32)
The relationships in Equations (28) to (31) are valid for
Rdgap > 7.1 x 103.
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A frequently used method to estimate the free convection heat 
transfer in the annular space between long, horizontal concentric cylinders was 
proposed by Raithby and Hollands [41]. Using this method, the heat transfer due to 
free convection in the air gap is expressed as:




where kejy is the effective thermal conductivity and is defined as the thermal 
conductivity that a stationary fluid should have to transfer the same amount of heat 




















For Fgap < 100, keff f  kgap = 1 and the mode of heat transfer is mainly
conduction through the air gap.
The heat transfer due to radiation between the outer surface of the 
inner pipe and the inner surface o f the outer pipe is given by:
qrad,sap=Fs<Jnd2lk x { T l - T ; 0) (37)
where
overall radiation shape factorFs
F ^ 0 =
The shape factor between two surfaces A, and A 0 is defined as
radiation energy leaving At directly towards and intercepted by Aa 
total radiation energy leaving At
(38)
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In the case of double-wall exhaust pipe, all the radiation from the 
outer surface o f the inner pipe reaches the inner surface o f the outer pipe. Hence, 
the radiation shape factors can be written as
= 0
F  =1 - F0-+1 o-±o
F „ ^ =  1-
1 V / /2 + 4 R 2 - H  1—  + —
R 4 R n v
2 -i—tan 1 
R




a/4R 2 + h 2 . , H 2 +4(R2 - l ) - 2 H 2/ R 2 . R 2 - 2 |
--------------- sin ----------^  f - z  r---------- sin ------—





& H  =
2Ax
where
The value of Fs can then be computed by the following equation:
F. =■
1
/  + f  \ y  - i ]
/  P  o—>/ /  r>




emissivity of the outer surface of inner pipe 
emissivity of the inner surface o f outer pipe
4.1.5. Numerical Scheme
The finite difference method was implemented with a defined grid 
space Ax and time interval o f marching At for the complete exhaust system. The 
inputs for the model are the gas temperature and flowrate at the exhaust port. Both 
the gas and wall temperatures are predicted along the exhaust pipe by the heat 
transfer model.
To solve for exhaust gas temperature, Equations (12) and (13) are 
solved simultaneously for the single-wall pipe and Equations (12), (14) and (15) for 
the double-wall pipe, using the number of transfer units (NTU) method. Assuming 
quasi-steady exhaust gas flow, the wall temperatures can be assumed constant
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within the time step of marching and the time derivative in Equation (12) can also 






rprt    r p n  , ( rp n   rr n
g,m+1 p,m \ g,m p,m r
NTU =
h 7td,J±xc v , r  1 ^ ^
m cg Pg
spacing step
time step of marching
exhaust mass flow rate
(41)
(42)
The pipe wall temperatures are calculated by using a forward-time, 
centre-space finite difference approximation. The discretized form of Equation (13)
is:
j n +\ _ j , n
p,m  p ,m  1 ^  p p,m+1 -2T" + T n )P,m  ^  1 p ,m - \ J+
f  . . \
tfc v ,i  cv,o y  rad
PpCpP
At  (43)
Similar equations are written for Equations (14) and (15) to 
calculate the inner and outer wall temperatures for the double-wall pipe.
For the explicit solution just described for the energy balance 





The procedure generally is to select a grid space size and then 
choose a time step that fulfils the above criteria. For the exhaust heat transfer 
model, the grid space size was fixed at 0.01m with a time step o f 0.5 s to match the 
sampling frequency of the data acquisition during experiments.
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4.1.6. Single Thermocouple Model
The gas temperature calculated from Equation (41) at any location 
along the exhaust pipe is used as the starting point for predicting the thermocouple 
temperature in the heat transfer model. The estimated o f the thermocouple time 
constant r  requires the estimation of the local heat transfer coefficient at each time- 
step. The following expression, commonly used for the heat transfer to a wire in 
cross flow is used for this purpose [26]:
Nu = 0.42Pr02 + 0.57Pr033 Re05
for 0.01 < Re < 10000 (45)
The time constant of the thermocouple is calculated using
Equation (4). Equation (3) is then solved using finite difference method to get the
thermocouple temperature as follows:
T,T' = T," + (Tgn - T ”)(1 - <fdt/r) (46)
4.2. EXPERIMENTAL SETUP
The estimation o f the thermal energy lost from the exhaust system requires 
the measurement of the exhaust gas temperature profiles along the exhaust system. 
This constituted an essential part for the experimental verification of the thermal 
response analysis. The existing single-wall exhaust pipe o f the Yanmar engine was 
adapted for measuring both the gas and pipe-wall temperatures at several locations 
along the exhaust pipe. The physical properties o f the system are given in Table
4.1.
Table 4.1: Ex laust System Data
Type Single -w all Pipe j
Length (till inlet o f aftertreatment) -1.55 m
Total Mass - 6  kg
Pipe Material Stainless Steel
Pipe Outer Diameter 50.8 mm (2 inch)
Pipe Wall Thickness 1.78 mm (0.07 inch)
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To record the gas and wall temperatures, thermocouple arrays were 
embedded in the exhaust system. A total o f 12 thermocouples were installed at 6 
different locations along the exhaust pipe to measure the temperature distribution in 
the exhaust system. A complex flow field for external forced convection from the 
exhaust pipe was setup. Besides the main ventilation system of the laboratory 
which included the HVAC system as well as an external exhaust fan, two fans were 
also installed to provide forced flow over the exhaust system and to assist the 
engine cooling system. The layout o f the system is shown in Figure 4.3.
Laboratory HVAC System:
Set at High Speed/Flow 
Fan # 1: Set to High Speed 



















Figure 4.3: Exhaust System Layout
During the experiments, the two fans and the ventilation system were 
always operated at a fixed setting to minimize the variations in the flow field 
around the exhaust system and to maintain a consistent flow field across the 
experiments
4.2.1. Lab VIEW Exhaust System Program
For online analysis o f the thermal response o f the exhaust system, a 
program was written in Lab VIEW which acquires the temperature data from the
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engine, exhaust pipe and the aftertreatment device. The temperature is acquired at a 
fixed sampling frequency of 2 Hz. The program displays the instantaneous 
temperature profiles for both the exhaust gas and the pipe wall along the length of 
the exhaust pipe. Moreover, the temperature history for all the locations is also 
displayed graphically and recorded in a tab-delimited text file. The front panel of 








AVG FUEL FLOW (ml/mill)
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Figure 4.4: Online Exhaust System Thermal Response Program
4.2.2. Continuous Pressure Recording
The input to the heat transfer model is the engine-out exhaust gas 
temperature. To estimate this temperature, a code was written in LabVIEW to 
continuously record the cylinder pressure data with a crank angle resolution o f
1 degree. The pressure data for 2000 consecutive cycles was saved in binary 
format. The engine speed from the dynamometer was also saved at a frequency of
2 Hz. This data was then processed using a ‘C’ code to calculate the average 
cylinder temperature at exhaust valve opening and to convert it from the cycle- 
resolved domain to the time-resolved domain. The ‘C’ code and the details o f the 
LabVIEW program are given in APPENDIX C.
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4.3. MODEL SETUP
The 1-D transient heat transfer model was programmed in ‘C’ language. 
The execution o f the code occurs in the following sequence:
(1) The model takes the engine-out exhaust temperature generated from 
the pressure data as the input. The engine speed data recorded during the 
experiments is also used as an input for calculating the mass flow rate of the 
exhaust at each time step.
(2) The initial temperature o f the pipe-wall is user selectable, the default 
value being equal to the external environment temperature, which is the 
case in case of a cold-starting engine.
(3) The user can select either a single-wall pipe structure or a double­
wall pipe structure with air gap and also input the physical and thermal 
properties for the system.
Additional mass (like flanges, Y-clamps, injector assembly etc) can be 
added to the model as thermal inertia at the end of the ducts.
(4) The locations along the exhaust pipe for which the temperature 
histories are required to be generated can be specified.
At each time step, the energy balance equations are solved along the 
discretized exhaust pipe system to calculate the exhaust gas and pipe-wall 
temperatures.
(5) The thermal properties of the exhaust gas are calculated at each node 
based on the gas temperature Tg. The thermal properties of the external flow 
field are calculated at the average temperature (Tp + Tenv)!2.
(6) At each time step, the code checks if  the stability criteria has been 
met. Otherwise, an error is reported.
(7) The simulation runs for the time duration specified by the user.
(8) The gas and pipe-wall temperatures and the thermocouple 
temperatures at the desired locations are written to tab-delimited text files 
before the program exits.
The Yanmar exhaust system was divided into 9 pipe sections in the 
model as shown in Figure 4.5. Since the temperature calculated from the pressure
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data is not the actual temperature at the inlet o f the exhaust pipe (due to the 
complex thermal characteristics o f the exhaust manifold), an additional section at 
the inlet o f the exhaust pipe was added to represent the effect o f the exhaust 
manifold. The thermal inertia due to flanges and clamps etc was specified at the 
ends o f the pipe sections during the model setup. The external flow field for the 
actual engine setup is quite complex as described earlier. A few o f the pipe section 
lie across the flow field while others are parallel to the flow field. The effect o f all 





Set at High Speed/Flow 
Fan # 1: Set to High Speed 












Coolant Fan # 2
Diesel
Injector
Figure 4.5: Exhaust System Layout in Heat Transfer Model
4.4. WAVE MODEL FOR EXHAUST HEAT TRANSFER
The thermal response o f the exhaust system was also investigated using 
Ricardo’s engine cycle simulation software, WAVE®, which integrates the 
simulation capabilities o f 1-dimensional flow modelling in the intake and exhaust 
systems, together with component models that include transient heat transfer in the 
exhaust system [23]. This was done to highlight the limitations o f the in-house code 
as well as to provide useful information for improving it. Moreover, the coupling o f 
the in-cylinder post injection with the exhaust system thermal response was also 
carried out in WAVE.
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The exhaust piping was modelled using the structural heat conduction/duct 
warm-up model in WAVE. This model calculates either the steady-state 
temperature distributions and/or the temperature histories o f ducts and junctions. It 
is a 2-D (axial and radial) conduction model which makes use o f the internal 
boundary conditions o f temperature and heat transfer coefficients generated by the 
WAVE flow model. The external boundary conditions o f the warm-up model can 
be user specified to simulate adiabatic or convective and radiative heat transfer 
from the pipe surface to the ambient surroundings. The model allows calculation of 
temperature distributions in radially inhomogeneous duct networks comprised o f up 
to two layers o f materials (e.g. air gap, insulations, etc.). Additionally, contact 
resistances and thermal inertia due to connecting flanges can be also be specified. 
The thermocouple model accounts for radiation, convection, and conduction to a 
physical geometry and mass described by user inputs, and the duct wall 
temperature and changing gas temperatures are used as boundary conditions [23].
The WAVE model was setup similar to the in-house model and is shown in 
Figure 4.6. WAVE allows either the external heat transfer to be modelled as free 
convection in which case it uses a built-in model. For forced convection, a fixed 
external heat transfer coefficient has to be specified for each pipe section.
Figure 4.6: Exhaust System Model in WAVE 
4.5. THERMOCOUPLE CALIBRATION
The thermocouples installed in the exhaust system were calibrated at 0°C 
using an ice bath. The ice bath was maintained at a uniform temperature and the
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thermocouple junction was immersed into it for 10 minutes. The immersed length 
of the thermocouple probe was kept long enough to ensure that the measuring 
junction temperature was not affected by a temperature gradient along the 
thermocouple wires. The details of the calibration are given in APPENDIX D.
4.6. MODEL CALIBRATION AND VALIDATION
Extensive experiments were performed to generate exhaust system 
temperature profiles that were then used for tuning and calibrating the heat transfer 
model. After the calibration was done, the model validation was carried out using 
different sets o f experimental data that included both steady state and transient 
engine operations. The test matrix for the experiments is given in Table 4.2.













1 -1400 43-50 1600 Steady State Calibration
2 1360-2100 12-55 1700 Transient Calibration
3 -1330 -50 1100 Steady State Validation
4 1400-1500 10-50 2300 Steady State & Transient Validation




(3 mode test) Validation
6 1360-1480 10-50 1000 Transient Validation
7* 1360-1420 20-40 600 Transient Validation
with EGR
The results for each of the tests are presented in the following sections:
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4.6.1. Test # 1 (Calibration)
The engine operating conditions are shown in Figure 4.7. The 
engine was run at a high load at constant speed. The exhaust gas temperature was 














200 400 600 800 1000 1200 1400 16000
Time (sec)
Figure 4.7: Engine Operating Conditions (Test # 1)
The exhaust gas temperatures recorded along the exhaust pipe and 
the gas temperatures predicted by the model for the same test conditions are shown 
in Figure 4.8. Although the point o f interest is the temperature at the inlet o f the 
aftertreatment device (given by Tg6), an effort was made to calibrate the model to 
accurately predict the temperatures at any location along the exhaust pipe. It can be 
seen that the predicted temperatures are in good agreement with the measured 
temperatures. Data for two thermocouples (# 1 and # 4) are not shown because of 
malfunction. These thermocouples were replaced with new ones from test # 3 
onwards.
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Figure 4.8: Gas Temperature Comparison (Test # 1)
The measured pipe-wall temperatures along with those predicted by 
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Figure 4.9: Pipe Wall Temperature Comparison (Test # 1)
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The summary of the measured gas temperature and the calculated 
(model-based) gas temperature at the inlet o f the aftertreatment device is given in 
Table 4.3:










Temperature (Tg6) at 
Inlet of Aftertreatment 
Device (°C)
Calculated Gas 
Temperature at Inlet of 
Aftertreatment Device 
(°C)
1 95.7 14.5 14.1
50 234.4 126.2 119
100 470.2 201.7 185.6
180 538.3 288.3 278.8
1 500 507.6 329.7 329.3
800 548.6 345 345.6
1 1000 446 311.2 309.4
1 1330 471.7 306 305.4
1391 261.5 306.6 304.5
1400 28.4 206.6 232.2
1500 28.4 95.42 94.5
1600 28.4 60.3 62.4
The gas and wall temperatures predicted by the wave model for the 
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Figure 4.10: Gas Temperatures Predicted by WAVE (Test # 1)
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Figure 4.11: Pipe Wall Temperatures Predicted by WAVE (Test # 1)
The gas temperatures from the WAVE model are in general 
agreement with the measured temperatures. Elowever, the model could not be tuned 
to accurately predict the wall temperatures. A major reason seems to be the use o f a 
constant value for the external convection heat transfer coefficient in WAVE. To 
investigate this aspect, the external heat transfer coefficient calculated by the in- 
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Figure 4.12: Variation of External Heat Transfer Coefficient with Time
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It can be seen that the heat transfer coefficient is considerably 
affected by the pipe-wall temperature during warm-up and cooling phases. A small 
difference can also be also observed along the length o f the pipe segment. 
Assuming a constant value will result in over-or-under predicting the wall 
temperature during transient conditions and will also affect the calculation o f the 
exhaust gas temperature. In the following section, only a few results are therefore 
shown for the WAVE model.
4.6.2. Test # 2 (Calibration)
To check the model calibration under transient operating conditions 
and to refine it further, test # 2 was performed. After the initial engine warm-up 
phase, the engine load was alternately changed between high and low load states, 
with each state maintained for a time duration o f 30 sec. the engine was stopped 
after approximately 10 minutes. This was followed by a short warm-up phase and 
load transients and then a constant torque operating mode in which the engine 
speed was varied from 1450 to 2100 rpm. The engine operating conditions for the 
first part are given in Figure 4.13.
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8 0 0 1000
Figure 4.13: Engine Operating Conditions (Test # 2a)
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The gas temperatures are shown in Figure 4.14 and an enlarged view 
of the transient portion is shown in Figure 4.15.
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Figure 4.15: Zoomed View of the Gas Temperatures (Test # 2a)
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The gas temperatures during the engine transients are in general 
agreement with the measured values. The same is true for the pipe-wall 
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Figure 4.16: Pipe Wall Temperature Comparison (Test # 2a)
The comparison of the measured gas temperature (Tg6) and the 
calculated gas temperature (Tg6-Model) at the inlet o f the aftertreatment device is 
given in Table 4.4 on the next page.
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Temperature (TA,6) at 
Inlet of Aftertreatment 
Device (°C)
Calculated Gas 
Temperature at Inlet of 
Aftertreatment Device 
(°C)
5 280.8 33.2 22.3
50 505.4 193.6 198.3
100 487.1 238.1 233.8
300 483.1 301.6 299
400 229.2 256.7 239.8
431 462.7 238 220.5
460 511.5 299 291.4
461 239.5 298.4 287.3
490 268.9 235.2 227.4
491 545.4 235.7 232.7
520 548 312 306.5
521 297.7 306.7 297.8
550 276.7 221.3 212.2
939 579.3 330.8 329.1
940 28.4 329 321
1000 28.4 121.1 117.4
1100 28.4 68.7 70.8
The engine operating conditions for the constant torque test are 
shown in Figure 4.17.
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Figure 4.17: Engine Conditions for Constant Torque Operation (Test # 2b)
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The heat transfer model was able to predict the gas temperatures 
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Figure 4.18: Gas Temperatures for Test # 2b
The wall temperatures generally followed the measured values but 
some deviation was observed during the constant torque mode as shown in 
Figure 4.19.
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Figure 4.19: Pipe Wail Temperatures for Test # 2b
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The summary o f the results for the temperature at the inlet of the 
aftertreatment device is given in Table 4.5.










Temperature (Tg6) at 
Inlet of Aftertreatment 
Device (°C)
Calculated Gas 
Tem perature at Inlet of 
Aftertreatment Device 
(°C)
5 645 151 132.9
50 524.4 247.9 236.6
200 553.7 329.7 324.2
375 538.3 350.9 349.8
379 255.8 345.7 345.2
409 245.6 280.5 269.5
410 321.9 291.2 276.5
439 553.8 332.9 332.5
440 461.8 320 321.4
469 146.3 239.9 219.4
470 406.6 253.7 230.1
499 564.3 324.2 321.2
625 471.7 305.5 308.7
628 791.9 347.6 342.9
657 610.8 335.5 335.6
665 488.8 329.1 313.7
685 483.4 332 327.9
695 714.3 409.3 393.2
715 584.9 403.5 382.7
725 471.7 329.2 320
790 466.6 313.3 321.9
For the heat transfer model, the maximum difference between the 
measured and the calculated values for the exhaust gas temperature was 24°C for 
thermocouple # 6 or about 7.1% of the measured value. Similarly, a maximum 
difference o f 36°C was observed for the wall temperature (thermocouple # 2) which 
amounted to approximately 10.3% of the measured value.
In case of the WAVE model, the deviation from the measured 
temperature was larger, especially during the transient phase, the possible reasons 
for which have been stated in Section 4.6.1. Consequently, a maximum difference 
of 48°C for the gas temperature (thermocouple # 6) and 67°C for the wall
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temperature (thermocouple # 2) was observed which corresponded to 19.4% and 
23.9% o f the measured values respectively.
The values given above are the maximum differences observed. 
During the calibration, an attempt was made to minimize the difference for 
thermocouple # 6 (at the inlet o f the aftertreatment). The same was checked during 
the validation o f the models.
It is quite difficult to outline a single cause for the difference 
between the measured and the calculated temperatures. Besides the inaccuracy in 
model calibration and the assumptions on which the heat transfer models are based, 
there can be other factors which may result in this difference. In the actual engine, 
the temperature o f the gases exiting the engine cylinder is affected by the 
temperatures o f the engine coolant and the engine lubricating oil. During the warm­
up period and also during load transients, the oil and coolant temperatures may 
vary significantly as shown in Figure 4.20 for tests # 1 and # 2. This can have a 
strong influence on the heat transfer between the exhaust gas and the exhaust 
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Figure 4.20: Variation in Engine Coolant & Oil Temperatures (Tests #1 & 2)
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The heat transfer models described for the exhaust system do not 
account for the variations in the engine coolant and oil temperatures and their effect 
on the heat transfer inside the exhaust manifold. Therefore, this can also be a reason 
for the difference observed between the simulation results and the measured 
temperatures
4.6.3. Test # 3 (Validation)
The first validation was performed at steady engine operating 
conditions as shown in Figure 4.21.
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Figure 4.21: Engine Operating Conditions (Test # 3)
The calculated gas temperatures in Figure 4.22 on the next page 
show a good agreement with the measured temperatures, particularly for the 
thermocouples closer to the aftertreatment device.
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Figure 4.22: Gas Temperature Comparison (Test # 3)
A similar trend was observed for the pipe-wall temperatures as 
shown in Figure 4.23.
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Figure 4.23: Pipe Wall Temperature Comparison (Test # 3)
The gas temperature comparison for the WAVE model (Figure 4.24) 
seemed to confirm the drawback of specifying a constant external heat transfer
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coefficient. The wall temperatures shown in Figure 4.25 also indicate the necessity 
of using temperature resolved heat transfer parameters.
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Figure 4.25: Wall Temperatures with WAVE (Test # 3)
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The temperature comparison between the measured and the model 
predicted exhaust gas temperature at the inlet of the aftertreatment device is shown 
in Table 4.6.










Temperature (Tg6) at 
Inlet of Aftertreatment 
Device (°C)
Calculated Gas 
Tem perature at Inlet of 
Aftertreatm ent Device 
(°C)
150 179.3 36.7 21.5
170 511.1 142.8 113.3
200 516 200.1 190.5
300 511.9 273.8 269.5
400 496.3 296.3 291.8
500 484.2 298.7 299.2
600 493.1 303.5 304
700 499.8 310.6 309.1
800 498.6 317.1 315
880 492.8 320 320.9
900 20.8 188.8 203.2
950 20.2 126.3 120.8
1000 22.3 91.35 90.1
1050 21.2 69.6 70
1080 20.4 60.2 61.5
For analyzing the exhaust system thermal response, the main interest 
lies in the exhaust gas temperature along the exhaust pipe in general and at the inlet 
of the aftertreatment device in particular. Therefore, only the comparisons of the 
exhaust gas temperatures along the length of the exhaust system are shown for the 
rest of the validation tests.
4.6.4. Test # 4 (Validation)
This validation test consisted of an initial engine warm-up period of 
about 12 minutes followed by transient load changes of different durations as 
indicated in Figure 4.26 on the next page. The duration o f the transients was about 
4-5 times longer than the duration during the calibration tests # 2. This was done to 
ensure that the validation was not limited to the engine operating conditions set 
during model calibration.
74
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Chapter 4: Exhaust System Thermal Response
1 6 0 0  













• E xhaust T em perature  
V I L . ,
• S p e e d T orque
2 m in s  e a c h
Ili n~l 111 Bfr l\ i
It
_A_
m in s  m in s













4 0 0 8 0 0  1 2 0 0  
T im e  ( s e c )
1 6 0 0  2 0 0 0  
Figure 4.26: Engine Operating Conditions (Test # 4)
The gas temperatures are shown in Figure 4.27. The inset shows the 
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Figure 4.27: Gas Temperature Comparison (Test # 4)
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It can be seen that the model was able to simulate the different 
engine operating conditions and the calculated temperatures show good agreement 
with the measured gas temperatures as shown in Table 4.7.










Tem perature (Tg6) at 
Inlet of Aftertreatment 
Device (°C)
Calculated Gas 
Tem perature at Inlet of 
Aftertreatment Device
(°C)
1 294 171.3 198
200 281.5 180.4 186.2
400 295.6 184.8 190.6
469 295.2 187.9 192.5
475 390.5 205.6 197.8
500 490 244.4 243.4
600 517 299.8 308.5
800 540.8 335.5 339.8
1000 524.8 341.9 346.8
1211 492.4 322.1 322.9
1213 174.9 299.8 312
1332 155.9 176.3 158.5
1334 504.2 199.5 167.2
1451 509.2 287.9 296.6
1453 160.3 265.4 288.5
1571 155 151.8 147.6
1573 495.1 162.1 157.1
1691 491 289 292.3
1693 209.6 267.7 288.5
1841 141.4 143.3 138.3
1843 479.1 145.7 151
2030 494.3 296.7 301.6
2032 19.1 276 282.4
2100 12.8 110.9 100.6
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4.6.5. Test # 5 (Validation)
The emission tests for diesel engines commonly include a number of 
modes or specific engine conditions on which the vehicle must be tested. To see if 
the models were able to predict the thermal response during such a test, a 3-mode 
test was conducted. The specifications o f the mode test are given in Table 4.8.
Table 4.8: Specifications of the 3-Mode Test
Mode # 1 2 3
Speed 700 rpm 1400 rpm 1800 rpm
Torque 3-6  Nm -53 Nm -1 0  Nm
Duration -3  min -3  min -3  min
The engine conditions during the test are shown in Figure 4.28. The 
Yanmar engine has a mechanical fuel injection control system which resulted in 
difficulties in setting the desired condition as is evident from the figure.
_  1 6 0 0  
o
- E x h a u st T em p eratu re  
■ S p e e d
M ode 3M ode 3 700 rpm  
-6 0  Nm
M ode 2
1200
4 0 0  8 0 0  1 2 0 0
Tim e (se c )
1 6 0 0 2000
Figure 4.28: Engine Operating Conditions (Test # 5)
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The comparison of the gas temperatures is shown in Figure 4.29. 
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Figure 4.29: Gas Temperature Comparison (Test # 5)
The mode test was repeated twice to check for consistency and to 
ensure that the calculated results were repeatable. It can be seen from Figure 4.30 
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Figure 4.30: Gas Temperatures during 2nd Set of 3-Mode Test (Test # 5)
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A summary of the measured and calculated gas temperatures at the 
inlet o f the aftertreatment device is given in Table 4.9.










Tem perature (Tg6) at 
Inlet of Aftertreatment 
Device (°C)
Calculated Gas 
Tem perature at Inlet of 
Aftertreatment Device 
(°C)
1 58.7 | 14.3 13.2
10 585.4 j 55 35.3
50 568.5 j 234.2 232.8
200 568.5 j 343.8 340.5
440 585.3 j 384.5 375.7
450 453.2 j 346.1 350.7
625 438.3 | 297.4 313.7
630 50.3 260.6 285.7
700 87.4 162.2 152.6
830 86.8 101.5 101.2
900 335 228.7 251.8
950 373.3 261.8 229.3
1000 526 303.2 292.2
1123 526.8 333.1 325.9
1130 27.7 245.5 252.1
1170 232.7 212.8 187.5
1330 191.4 145.7 160.9
1350 445.6 182.8 173
1370 445.7 202.4 196.7
1400 161.3 148.7 144
1420 73.5 142.6 130.4
1600 92.8 78.9 76.4
1630 289 106.1 94.4
1670 574.8 241.8 241.5
1750 533.8 297.1 297.3
1815 532.2 318.8 319.1
1900 204.9 191.8 185.5
2020 176.7 148.5 153.4
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The gas temperatures calculated by the WAVE model are shown in 
Figure 4.31. The calculated temperatures were able to predict the trend but the 































Figure 4.31: Gas Temperatures from WAVE (Test # 5)
4.6.6. Test # 6 (Validation)
In this test, two sets o f transients were performed to generate 
different temperature spans as shown in Figure 4.32.
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Figure 4.32: Engine Operating Conditions (Test # 6)
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The resulting gas temperatures for the first set o f transient operation 
are shown in Figure 4.33 and for the 2nd set o f transient operation are shown in 
Figure 4.34. For the short duration of the transients, the model was able to predict 
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>ndFigure 4.34: Gas Temperatures for 2 Set of Transients (Test # 6)
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The measured and calculated gas temperatures at the inlet of the 
aftertreatment device at different points during the test are given in Table 4.10.










Temperature (7^6) at 
Inlet of Aftertreatment 
Device (°C)
Calculated Gas 
Temperature at Inlet of 
Aftertreatment Device 
(°C)
50 558 192.3 183.8
200 540 263.2 262.2
348 526 275.1 274.9
351 224.5 254.8 265
384 218.3 200.9 186.3
386 631 216.1 199.6
402 631.8 274.5 266.7
404 226.5 258.4 261.9
419 205.5 197.8 203.5
425 619.4 224 232.3
441 640.4 273.3 276.6
445 207.1 242.8 256.9
461 204.6 194.2 200.6
465 620.9 213.1 218.9
480 629.4 270.9 269.8
485 204.6 245.8 243.8
500 206.6 193.6 196.5
505 630.6 206.4 214.3
522 635.1 272.7 270.1
565 200.3 247.7 250.1
635 195.2 166.2 154.1
654 502.9 186.3 175.7
672 517.9 226.6 221.6
675 293.6 212.6 215.5
692 309.2 188.2 189.7
695 511 202.8 196.2
712 502.3 230.8 228.5
715 287.7 213.2 220.7
732 304.3 191.8 193.7
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4.6.7. Test # 7 (Validation)
The last test consisted o f engine transients with 30 sec duration. 
However, the main difference from the previous tests was the use o f EGR during 
part o f the test as indicated in Figure 4.35.
1 6 0 0  n
1 4 0 0
0





£ 8 0 0
CJH






CO 2 0 0
0





30 sec each30 sec each
4 4 0 0  4 6 0 0  4 8 0 0  5 0 0 0
Time (sec)
Figure 4.35: Engine Operating Conditions (Test # 7)
EGR can have two main effects on the exhaust gas exiting the 
engine cylinder. First, the higher CO2 contents o f the exhaust gas will change the 
heat capacity o f the exhaust gas which can affect the heat transfer in the exhaust 
pipe to varying extent, depending upon the quantity of EGR used. Secondly, the 
flowrate in those sections o f the exhaust pipe which are downstream of the EGR 
loop is less than the exhaust flow rate out o f the engine. Due to these effects, 
modelling o f the diesel exhaust as air is not suitable when using EGR Without 
accounting for these effects in the heat transfer model, the prediction o f the exhaust 
gas temperature may deviate from the measured temperatures along the exhaust 
pipe.
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To check the response of the heat transfer model to the engine 
conditions shown in Figure 4.35, the simulation was run and the resulting gas 
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The EGR loop was installed in section # 6 o f the exhaust pipe
(Figure 4.5) corresponding to thermocouple # 4. Up to the time when EGR was
applied, the calculated gas temperature at the inlet o f the aftertreatment
(Tg6 Model) followed the general trend o f the measured temperature (Tg6) but 
showed greater deviation during the transients. Once EGR was turned off, the 
difference between the two temperatures started to reduce.
The measured exhaust gas temperature at the inlet o f the
aftertreatment device during the test is shown along with the calculated exhaust gas 
temperature in Table 4.11 on the next page.
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Temperature (Tg6) at 
Inlet of Aftertreatment 
Device (°C)
Calculated Gas 
Tem perature at Inlet of 
Aftertreatment Device 
(°C)
4425 129.6 62 50.4
4500 138.7 . 90.2 87.9
4502 201.8 92 90.7
4520 348.9 104.4 106
4600 366.7 149.3 154.4
4605 535.7 160.9 164.9
4648 534.6 194.5 210.8
4650 289.7 185.9 205.3
4682 285.4 163.9 163.6
4686 512.7 178.6 176.7
4700 520.5 198.1 206.6
4710 522.8 203 215.7
4714 269 196.3 205
4740 287 171.8 170.7
4744 527.1 179.8 185.3
4771 527.5 210.3 222.8
4776 287.4 195.7 207.5
4850* 287 174.3 166.7
4854 497.1 184.7 180.8
4880 519.7 220.7 228.4
4884 301.5 210.3 223.8
4910 289.3 182.8 182.4
4914 490 193.9 189.9
4943 495.1 221.9 231.8
4950 304.2 198.7 213.6
4973 298.3 189.6 184.2
4980 509.6 214.6 204.7
5001 507.2 228 231.9
5004 287.8 219.5 224.3
5030 289.7 189.6 185.3
* EGR turned off at this time
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The effect o f EGR on the engine-out emissions is shown in Figure 
4.37. The primary effect o f EGR is to reduce the NOx emissions as the higher CO2 
content increases the heat capacity o f the cylinder charge, thereby reducing the 
combustion temperature. However, the CO emissions increase, particularly at high 
loads when the higher CO2 concentration reduces the availability o f oxygen to the 
burning fuel, resulting in incomplete combustion of fuel. When EGR is turned off, 
the NOx emissions increase sharply with a simultaneous decrease in the CO 
emission as is the case in conventional diesel combustion.
EGR 1 No EGR
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Figure 4.37: Engine-out Emissions (Test # 7)
4.7. EFFECT OF DOUBLE-WALL EXHAUST PIPE
The double-wall exhaust pipe may significantly reduce the heat loss from 
the exhaust pipe, thereby providing a higher exhaust gas temperature at the inlet of 
the aftertreatment device. To simulate the heat transfer characteristics o f the 
double-wall pipe and appreciate the potential benefits, simulations were run using 
both the in-house code and the WAVE model for some o f the experiments carried 
out on the single-wall Yanmar exhaust system. It is pertinent to mention here that 
as a double-wall pipe was not available for actual engine tests, the simulation 
results outline the potential for improvement in the thermal response o f the exhaust 
system. The results provided in the following section should be analyzed for
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providing a possible trend rather than the actual values. To quantify the actual 
improvement, it is necessary to validate these results through conduct o f 
verification experiments. The specifications o f the double-wall pipe structure used 
in the simulations are given in Table 4.12.
Table 4.12; Double-Wall Pipe Specifications for Simulations
Type Double -w all Pipe
Length (till inlet o f aftertreatment) -1.55 m
Total Mass -8 .3  kg
Pipe Material Stainless Steel
Outer Pipe Outer Diameter 58.4 mm
Outer Pipe Wall Thickness 1.78 mm
Inner Pipe Outer Diameter 50.8 mm
Inner Pipe Thickness 1 mm
Air Gap Thickness 2 mm
The engine conditions from Test # 2a (Figure 4.13) were used as the input. 
The gas temperatures calculated for both the single-wall and the double-wall 
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Figure 4.38: Effect of Double-Wall Pipe (Simulation)
The results indicate that the air gap between the two layers o f the double­
wall pipe may be effective in reducing the heat loss from the exhaust gas and
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therefore, providing a higher temperature at the inlet of the aftertreatment device 
compared to the single-wall pipe. A maximum increase o f around 74°C in the 
exhaust gas temperature at the inlet o f the aftertreatment was predicted with the 
double-wall pipe.
To ascertain the difference in the thermal energy loss between the two pipe 
structures, an energy efficiency analysis was performed at conditions existing after 
6 minutes o f engine rim (during the warm-up period). The results indicated that 
energy recovery up to 16% could be possible with the double-layer exhaust pipe as 
shown in Figure 4.39. The heat loss from the double-layer exhaust pipe was less 
with the result that the temperature at the inlet o f the aftertreatment device and 
hence the energy available was higher in case o f the double-layer pipe structure.
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Figure 4.39: Energy Availability for Different Exhaust Pipe Structures
4.8. CONCLUDING REMARKS OF CHAPTER 4
The heat transfer in the exhaust system was estimated by developing a 1-D 
transient heat transfer model. The model is capable o f simulating both the single­
wall and the double-wall pipe structures and takes into account the effects o f pipe 
bends, flanges etc on the heat transfer. A similar model was also setup using 
WAVE software. To calibrate and validate the models, the exhaust system of the 
Yanmar single cylinder diesel engine available in the Clean Diesel Engine 
Laboratory was prepared. Thermocouples were embedded in the exhaust system to
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measure both the exhaust gas and the pipe-wall temperatures. Extensive tests were 
performed to cover a wide range of engine operating conditions including steady- 
state and transient operations. The model results showed good agreement with the 
experimental results. The heat transfer characteristics of a double-wall exhaust pipe 
were simulated and the potential benefits were highlighted through an energy 
efficiency analysis.
89
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Chapter 5: Thermal Response Characterization
5. THERMAL RESPONSE CHARACTERIZATION
The transient thermal response of the exhaust system depends on the configurations 
of the exhaust pipes that include the pipe structure, the wall thickness, and the 
exterior thermal management. Therefore, the exhaust gas temperature at the inlet of 
the aftertreatment responds slowly to sharp changes in the engine-out exhaust 
temperature. Also, the thermal energy loss to the environment along the exhaust 
pipe results in a considerably lower exhaust temperature at the inlet of the 
aftertreatment device.
Based on the calibration and validation results described in Chapter 4, an effort was 
made to characterize the thermal response of the exhaust system by quantifying two 
effects:
(1) the ‘delaying’ effect which can provide an estimate of the time 
window required to enable aftertreatment operations, and
(2) the ‘heat loss’ effect which can approximate the temperature drop 
due to heat loss in the exhaust system and therefore, allow the required in­
cylinder operations to be adapted accordingly.
Knowledge o f the temperature-time history at the inlet o f the aftertreatment device 
is necessary for efficient aftertreatment operation. If the ‘heat loss and delay’ 
effects caused by the exhaust system are known, the in-cylinder events can be 
synchronized to deliver the desired energy spike at the required time.
The ‘heat loss and delay’ effects o f the Yanmar exhaust system were first 
investigated by analyzing the results presented in Chapter 3. The results observed 
were also corroborated with additional simulation results by simulating sharp 
spikes in the engine-out exhaust gas temperature and analyzing their effect at the 
inlet of the aftertreatment device.
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5.1. THERMAL RESPONSE -  EXPERIMENTAL RESULTS
The engine-out exhaust gas temperature along with the measured and the 
calculated gas temperatures at the inlet o f the aftertreatment device for Test # 3 are 
shown in Figure 5.1. At the start o f the test, the exhaust system was at ambient 
temperature. It can be seen that during the warm up process, while the engine-out 
exhaust gas temperature is quite high (sharp rise), the gas temperature at the inlet o f 
the aftertreatment device increases at a much slower rate (delaying effect). 
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Figure 5.1: Thermal Response at Inlet of Aftertreatment (Test # 3)
1100
To quantify the delay, the definition o f the time constant used in resistor- 
capacitor (RC) circuits was adapted. For an RC circuit, the time required to charge 
a capacitor to 63.2% of the applied voltage or to discharge it to 36.8% of its initial 
voltage is known as the time constant (r) o f the circuit. A total o f 5 time constants 
are required for the circuit to approach 99.3% of the step change value. The concept 
is shown in Figure 5.2 on the next page.
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Figure 5.2: The Concept of Time Constant for (a) Heating and (b) Cooling
A similar approach was used for characterizing the delay effect. A time 
constant of the exhaust system ( Texh) was defined as the time required to reach 
63.2% of the final steady-state temperature attained at the inlet o f the aftertreatment 
device after a step-change in the engine-out exhaust gas temperature. It is important 
to highlight here that the rexh differs from the electrical time constant in two 
respects:
(1) The electrical time constant is defined in terms o f the step change in 
the applied voltage. This corresponds to the step-change in the engine-out 
exhaust gas temperature. However, the rexh has been defined in terms of the 
step change that occurs at the inlet of the aftertreatment due to a larger step 
change in the engine-out exhaust gas temperature.
(2) It takes 5 time constants for the circuit to reach 99.3% of the step 
change value. However, as will be shown later, this statement was not valid 
in case o f rexh.
92
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Chapter 5: Thermal Response Characterization
The time constant analogy was applied to the results shown in Figure 5.1 
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Figure 5.3: Application of texh to Test # 3 Results
During the heating (warm-up) process, the rexh was about 60 sec while 
during the cooling process, the rexh came to about 63 sec. The same process for 
repeated for the results from Test # 4 shown in Figure 5.4.
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Figure 5.4: Thermal Response at Inlet of Aftertreatment (Test # 4)
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The percentage change in the temperature at the inlet o f the aftertreatment 
device and the resulting time constants rexh for the initial heating and final cooling 
phases are shown in Figure 5.5.
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Figure 5.5: Application of Texh to Test # 4 Results
To verify if the rexh concept was applicable over a wider range o f engine 
operation and the values o f texh infact were representative o f the Yanmar exhaust 
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Figure 5.6: Thermal Response at Inlet of Aftertreatment (Test # 5)
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The value of the time constant rexh for the initial heating phase o f the test is 
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Figure 5.7: Application of Texh to Test # 5 Results
The Texh concept was not applied to the transient processes since the final 
steady state temperature was not known. The time constant for the transient phases 
was calculated once the final steady state temperatures were estimated by 
quantifying the heat loss as explained later on.
5.2. SIMULATIONS & RESULTS
A number of simulations were run by varying the exhaust flowrate and the 
ATexh to simulate different engine operating conditions. The time duration o f each 
state was fixed to allow the exhaust system to approach steady-state values. The 
engine-out exhaust temperature was then changed sharply and the system was again 
allowed to reach steady-state values. The response of the system to both cooling 
and heating processes was analyzed. The results for a few of these simulations are 
presented case-wise.
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5.2.1. Warm-up and Cooling Processes (Case # 1)
The simulated engine conditions for the cooling process are shown 
in Figure 5.8 and the results are shown in Figure 5.9.
1 6 0 0
1 4 0 0
1200









S p e e d  —
------------------ ►
















3 0 0 6 0 0 9 0 0  
T im e  ( s e c )
1200 1 5 0 0 1 8 0 0
Figure 5.8: Simulated Engine Conditions (Case # 1)
In all the results, only the exhaust gas temperature and the 
temperature at the inlet o f the aftertreatment device (Tg6) have been shown.
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Figure 5.9: Thermal Response at Inlet o f Aftertreatment (Case # 1)
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The first part simulated the warm-up process where the exhaust 
system was initially at ambient temperature. As indicated in Figure 5.9, the thermal 
response o f the exhaust system results in a significant delay and loss o f thermal 
energy from the exhaust flow which is evident by the much lower steady state 
temperature (Tg6). During the cooling process, the exhaust helps to maintain a 
higher temperature at the aftertreatment inlet by heating up the exhaust gas as it 
flows down the exhaust plenum.
The time constant analogy was applied to the results o f Figure 5.9 
and the outcome is shown in Figure 5.10.
100
T im e C o n s ta n t
6 3 .2 %  of th e  s t e a d y  
s t a t e  (Heating) 
36 .8%  of t h e  S te a d y  
S t a t e  (cooling)
70
H eating  T im e 
C o n s ta n t :  56 s
40 Cooling T im e 
C o n s ta n t :  54 s
0 300 600 900 1200 1500 1800
T im e (sec)
Figure 5.10: Application of texh to Case # 1
During the heating (warm-up) process, the t exh was about 56 sec 
while during the cooling process, the rexh came to about 54 sec. Moreover, it was 
observed that about 8~9 time constants were required to attain about 98% of the 
steady state temperature at the inlet o f the aftertreatment device due to the step 
change in the engine-out exhaust gas temperature.
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5.2.2. Heating and Cooling Processes (Case # 2)
The system was brought to a steady-state condition and then an 
alternate high and low temperature spikes were produced as shown in Figure 5.11. 















m m m m m
r
H eat lo s s  
Effect
-T ex h a u st
■Tg6
■ Sp eed









300 600 1500 1800900 1200
T im e  ( s e c )
Figure 5.11: Simulation Conditions (Case # 2)
The percentage change in the temperature at the inlet o f the 
aftertreatment device and the resulting time constants rexh for the 3 phases are 
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Figure 5.12: Calculated texh (Case # 2)
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The simulations results appeared to be in general agreement with the 
values o f the time constant obtained from the experimental test results. Another 
parameter o f interest in this analysis was the engine speed. At higher engine speeds, 
the exhaust flowrate is higher and the value o f the rexh may be significantly affected 
by the increased exhaust gas flowrate. Consequently, it was thought that the value 
of texh may decrease as the exhaust flowrate increased.
5.2.3. Warm-up, Cooling & Heating (Case # 3)
To analyze the warm up phase and further verify the validity o f the 
texh concept, Case # 3 was run with an initial warm-up phase, followed by a cooling 
and then a heating phase. A wider range o f engine speeds was selected to assess the 
impact o f increased exhaust flowrate on the validity of the time constant for the 
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Figure 5.13: Simulation Conditions (Case # 3)
The relative change in the temperature at the inlet o f the 
aftertreatment device for the 3 phases is shown in Figure 5.14. It was observed that 
Texh varied with a change in the exhaust flowrate. Other simulations were run to
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cover the entire range o f the Yanmar engine (800-2400 rpm) and the rexh for both 
heating cooling processes was plotted versus the engine speed as shown in 
Figure 5.15. It can be seen that zexh decreased as the engine speed was increased 
and generally followed this trend.
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Figure 5.14: Calculated rexi, (Case # 3)
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Based on the experimental and simulation results presented above, 
the delaying effect can be quantified by using the concept o f a time constant for the 
exhaust system. Moreover, the results also indicated that about 8~10 time constants 
were needed to reach 98% of the steady-state temperature value.
The ‘heat loss’ effect results in a lower temperature at the inlet of 
the aftertreatment device. To quantify the ‘heat loss’ effect o f the exhaust system, 
the fraction o f the exhaust energy lost in the exhaust system was calculated as 
given in Table 5.1.














800 344 192 0.442
1200 540 334 0.381
1380 545 349 0.36
1380 540 347 0.357
1470 165 111 0.327
1470 164 113 0.311
1500 339 235 0.306
1800 162 117 0.278
2400 152 123 0.191
900 620 339 0.453
980 351 206 0.413
1700 620 416 0.329
1950 340 250 0.265
1320 506 320 0.368
1370 541 344 0.364
1550 554 371 0.33
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The fraction o f energy lost was used to define a ‘heat loss 
coefficient’ (Qiexh) for the exhaust system. The heat loss coefficient is the fraction 
by which the temperature or energy spike in the engine will be reduced once it 
reaches the inlet o f the aftertreatment device. To observe the dependence o f the 
heat loss coefficient on the engine speed and in turn, the exhaust mass flowrate, the 
heat loss coefficient was plotted against the engine speed as shown in Figure 5.16. 
It can be seen that the heat loss coefficient follows a nearly linear relationship with 
the engine speed for the given set o f data.
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Figure 5.16: Plot of Qiex/i against Engine Speed
5.3. OVERALL THERMAL RESPONSE
The overall thermal response o f the Yanmar exhaust system can be 
characterized in term o f the time constant rexh and the heat loss coefficient (Quxh)• 
For example, if  at time the initial engine-out exhaust gas temperature is Texh,i, the 
temperature at the inlet of the aftertreatment device is TinieUi, and a temperature
spike equal to ATeXh is generated inside the engine, then the final steady state
temperature at the inlet o f the aftertreatment device Ti„ietj  at time tf can be 
calculated from the following expressions:
T m l e t J  ~  0  _  Q l e x h  )  ^ e x h j  (^ 7 )
T e x h J  =  T exh,i + ^T exh (48)
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^  in le tJ  =  Tinlet,i +  ^ i n l e t  ( ^ 9 )
where
A T exh = Increase in engine-out exhaust temperature
AT Met ~ Increase in the temperature at inlet o f aftertreatment
Qiexh = heat loss coefficient based on the engine speed.
If  this spike is required at time t at the aftertreatment device, then the time 
duration by which the spike must be advanced inside the engine to achieve 63.2% 
o f the required increase is equal to the time constant Texh o f the exhaust system.
To illustrate the application o f the thermal response characterization, the 
results from Test # 4 shown in Figure 5.17, were used to calculate the heat loss 
coefficient, the exhaust time constant and the exhaust gas temperature at the inlet o f 
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Figure 5.17: Thermal Response Analysis (Test # 4)
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From the moment of the temperature spike inside the engine, the estimated 
temperature after 1 time constant based on the above procedure was calculated and 
compared with the measured temperatures after the same time period as shown in 
Table 5.2. It can be seen that the thermal response characterization method was 
able to predict the temperatures at the inlet o f the aftertreatment device with 
reasonable accuracy.
Table 5.2: Thermal Response Characterization
Spike # 1 2 3
Engine Speed (rpm) 1380 1382 1376
Initial Engine-out Exhaust Gas 
Temperature (°C) 164.6 169.1 156.6
Final Engine-out Exhaust Gas 
Temperature (°C) 502 495.4 492.3
ATexi, (°C) 337.4 326.3 335.7
Heat Loss Coefficient 0.299 0.299 0.3
Initial Temperature at Inlet of 
Aftertreatment (°C) 163.2 151.2 142.7
Estimated Final Steady State 
Temperature at Inlet of 
Aftertreatment (°C)
351.9 347.3 344.6
ATlnlet(°C) 188.7 196.1 201.9
Time Constant (sec) 56.7 56.7 56.8
Estimated Temperature after 
One Time Constant (°C) 282.4 275.1 270.3
Measured Temperature after 
One Time Constant (°C) 274.9 268.3 262.3
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5.4. CONCLUDING REMARKS OF CHAPTER 5
The thermal response from in-cylinder combustion to exhaust aftertreatment 
for the Yanmar diesel engine was characterized in terms o f a heat loss coefficient 
and a time constant. The time constant for both cooling and heating processes were 
analyzed. Moreover, the effect o f mass flowrate on both these factors was also 
highlighted. The procedure for quantifying the thermal response was illustrated by 
applying the characterization procedure to actual experimental results. The values 
given for the heat loss coefficient and the time constant are only applicable to the 
exhaust system of the Yanmar engine and applicable within the limits of the 
experimental and simulation results.
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6. CONCLUSION
A thermal response analysis was carried out from in-cylinder combustion to 
exhaust aftertreatment. A single cylinder Yanmar diesel engine was modified to 
enable in-cylinder measurements. The exhaust system of the engine was setup to 
measure both the gas and wall temperatures at several locations along the exhaust 
pipe. Experimental investigation of the exhaust system thermal response was 
carried out at both steady-state and transient conditions. The thermal response of 
the complete system was also investigated theoretically with a 1-D transient heat 
transfer model.
6.1. IN-CYLINDER
The effect o f post-injection on the exhaust gas temperature was simulated 
using WAVE. The results indicated that as the post fuel injection is progressively 
delayed, there is a trade off between the energy recovery and the exhaust 
temperature rise. The mid post injection, especially the late-mid post, has the 
strongest effect to raise the engine exhaust temperature, while its power production 
capability is compromised by the reduced effective cylinder expansion ratio of the 
post flame. The late-post injection has little power production capability because of 
the minimum effective expansion ratio. The same was verified through 
experimental investigations on a single cylinder diesel engine. To analyze the 
diesel combustion, an online heat release analysis program was written in 
LabVIEW. Moreover, a temperature reconstruction technique for estimating the 
instantaneous temperature using two thermocouples was also implemented. The 
measurement o f in-cylinder temperature could not be accomplished because of the 
limitation o f the thermocouple signal conditioning system. A few attempts with 
direct measurement using oscilloscope and other thermocouple conditioning 
modules did not also prove successful.
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6.2. EXHAUST SYSTEM
The heat transfer in the exhaust system was estimated by developing a 1-D 
transient heat transfer model. A similar model was also setup using WAVE 
software. To calibrate and validate the model, the exhaust system of the Yanmar 
diesel engine was setup. Thermocouples were embedded in the single-wall exhaust 
pipes to measure both the exhaust gas and the pipe-wall temperatures. A complex 
external convective flowfield around the exhaust system was setup. Extensive tests 
were performed on the Yanmar diesel engine to cover a wide range of engine 
operating conditions including steady-state and transient operations. The model 
results showed good agreement with the experimental results. The model was able 
to consistently predict the exhaust gas temperature at the inlet o f the aftertreatment 
with less than 8% error. The heat transfer characteristics o f a double-wall exhaust 
pipe were simulated and the potential benefits were highlighted through an energy 
efficiency analysis.
6.3. THERMAL RESPONSE CHARACTERIZATION
The thermal response from in-cylinder combustion to exhaust aftertreatment 
for the Yanmar diesel engine was characterized in terms of a heat loss coefficient 
and a time constant. The time constant for both cooling and heating processes were 
analyzed. Moreover, the effect of mass flowrate on both these factors was also 
highlighted. The procedure for quantifying the thermal response was illustrated by 
applying the characterization procedure to actual experimental results. The 
characterization method was able to estimate the exhaust gas temperatures at the 
inlet of the aftertreatment device with reasonable accuracy. The values given for 
the heat loss coefficient and the time constant are only applicable to the exhaust 
system of the Yanmar engine and applicable within the limits o f the experimental 
and simulation results.
6.4. RECOMMENDATIONS FOR FURTHER WORK
The in-cylinder temperature measurements could not be accomplished due 
to problems with the data acquisition system. The same is being attempted by
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developing differential amplifier and filter circuitry within the laboratory. If 
successful, it would help immensely in quantifying the characteristics of low- 
temperature combustion besides providing a better understanding of the post­
injection strategy.
At present, the heat transfer model cannot account for the influence of EGR. 
The use o f EGR will be mandatory along with aftertreatment systems and other 
advanced combustion modes in all future diesel engines. Therefore, the adaptation 
of the heat transfer model to account for EGR would be quite useful. Moreover, the 
use of external fuel injection close to the aftertreatment device is being actively 
researched. This would require the development and integration o f a separate fuel 
injection model into the heat transfer model.
To accurately estimate the benefits associated with the use of a double-wall 
exhaust pipe with air-gap, it is necessary to experimentally measure its thermal 
response. This is currently being planned and once the facility is built, the 
theoretical results presented in this thesis can be confirmed.
The thermal response characterization using the concept o f the exhaust time 
constant and the heat-loss coefficient provides a basis for improving the 
performance of aftertreatment systems. It is suggested that the concept be applied 
to actual aftertreatment systems to realize the validity and/or limitation of this 
approach.
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APPENDIX A
TEMPERATURE PREDICTION USING TWO-THERMOCOUPLE
TECHNIQUE
To check the response o f the two-thermocouple technique, thermocouples o f 
different sizes as indicated in Table A .l were installed radially in section # 4 o f the 
exhaust pipe (Figure 4.5).
Table A.1: Thermocouples Sizes for Two-Thermocouple Technique
Thermocouple # Size ..  ..... |
1 1/8” shielded/grounded
2 1/16” shielded/grounded
3 0.005” bare wire |
The engine operating conditions are shown in Figure A .I. Two sets o f transients 
were done to generate fluctuations in the exhaust gas temperature.
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Figure A.1: Engine Operating Conditions (Two-Thermocouple Technique)
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The predicted temperatures for the two thermocouples along with the measured 
temperatures are shown in Figure A.2. The predicted temperatures are able to 
capture the sharp change in temperature but the absolute values are generally over­
predicted. By calibrating the model response, the reconstructed temperatures can 
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Figure A.2: Constructed Temperatures using Two-Thermocouple Technique- 
Upper: 1st Transient Set, Lower: 2nd Transient Set
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ABSTRACT
The increasing complexities of the diesel combustion process and the active 
aftertreatment schemes have necessitated real-time analysis of the cylinder pressure 
data in diesel combustion research. In this paper, a PC-based fast heat release 
analysis program for diesel combustion is presented based on the first law of 
thermodynamics. The program computes the net heat-release rate in real-time from 
the cylinder pressure data acquired for the complete diesel cycle. Combustion 
parameters like the magnitude and the crank angle o f the peak pressure, the rate of 
pressure rise, the magnitude and the crank angle o f the maximum rate of pressure 
rise, logarithm of the pressure versus cylinder volume, indicated mean effective 
pressure and their cycle-to-cycle variation analyses are also computed in real-time. 
The implemented heat release model is described and the effect of specific heat 
ratio on the shape of the computed heat-release rates is analyzed. A preliminary 
analysis o f the applicability o f the heat release model to different engine operating 
conditions is also shown. Moreover, the effect of two data-acquisition methods on 
the accuracy of the computed heat release rate is also discussed.
INTRODUCTION
Measured cylinder pressure traces can provide an insight into the 
combustion process in a diesel engine. The thermodynamic analysis of this pressure 
data over the compression and expansion strokes can be effectively used to 
quantify the combustion parameters that include the indicated mean effective 
pressure (IMEP), the rate of heat-release, maximum rate of pressure rise etc. For 
diesel engine combustion studies, one common approach is the calculation of the 
rate of heat release with the units o f joules/degree. The rate of heat release is a very 
important parameter since this may have a very significant influence on combustion 
noise, pressure rise rate and NOx emissions [1,2].
When complicated commercial indicating equipment for combustion is not 
available, heat release analysis is usually performed offline from the cylinder
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pressure data recorded during experiments. With multi-pulse fuel injection systems 
in which the injection pressure, injection scheduling and quantity are varying 
dynamically from cycle-to-cycle, there is a need to perform the heat release 
analysis in real-time, that is, the heat release rate is calculated and displayed 
immediately after each combustion cycle. This will not only provide instantaneous 
feedback after each cycle, it can also allow us to study the transient changes due to 
exhaust gas recirculation (EGR), intake boost etc. The cycle-by-cycle heat release 
analysis is only the precursor for the on-fly combustion control, which requires 
point-by-point crank angle-resolved calculation of the heat release rate and near- 
instantaneous feedback to the combustion controller.
One of the main requirements for the real-time programs is a short 
computational time in order to produce prompt outputs that can be used as feedback 
for combustion control purposes. Several technical challenges complicate this task. 
First, the time available for computing the heat release rate and other combustion 
parameters after the completion o f the data acquisition, is only within a few micro­
seconds. Second, the computational resources of the PC are shared with the 
operating system and other background processes. Furthermore, the noise in the 
pressure signal is amplified through the charge amplifier which can lead to 
significant errors in the computed results.
In the following sections, a phenomenological heat release model is 
presented together with a discussion on its applicability to different engine 
operating conditions. The procedure for carrying out the fast heat-release analysis 
using this model is given. Some issues related with the data acquisition are 
discussed and the solution presented.
THE HEAT RELEASE MODEL
The phenomenological "engine heat release" model is based on the First Law of 
Thermodynamics and encompasses the following assumptions [3, 4]:
• Uniform thermodynamic properties and gas composition throughout the
combustion chamber; Heterogeneity o f the charge is neglected (fuel vapor 
and products are treated as a mixture of ideal gases)
• The apparent heat release process is based on the averaged properties in a
single zone.
• Equilibrium thermo-chemistry is assumed (chemical dissociation is ignored).
• The sensible enthalpy from the fuel injection is neglected.
Based upon these assumptions, the first law for the in-cylinder charge 
during the period from intake valve closure (IVC) to exhaust valve closure (EVC) 
for the crank angle interval d0, can be written as:
dQ„ dQgr dQht dU  dV
d6  dQ d0  dd  dd
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where
dU  -  change in sensible internal energy
dQgr = gross heat release from fuel combustion
dQn = net heat release
dQht -  heat transfer to cylinder wall
dV  = change in cylinder volume
p  = cylinder pressure
Assuming the working fluid as an ideal gas, further equations can be derived as 
follows:
dU  dT dV  Tr dp „ dT  R ^ = mcv—  p —  + V —  = m R—  cv = -----  (2,3 ,4)
d d  v dQ dd  d6  dd  / - I
9 9
where m is the trapped mass, R is the specific gas constant, cv is the specific heat at 
constant volume, yis the ratio o f specific heats and T  is the temperature.




dV  _ r dp 
y p  —  + V —  
dt dt (5)
Equation (5) omits the effect o f crevice volumes and assumes the charge to 
be at the same temperature. The cylinder pressure is assumed to be uniform 
throughout the combustion chamber which is valid for the direct injection diesel 
engines. Previous researches [5—10] have shown that, with the exception of 
cylinder charge to wall heat transfer, these additional effects are usually small and 
can be neglected with minimal loss of accuracy. The charge to wall heat transfer is 
also often omitted for simplicity and the heat release thus determined is referred to 
as the “net” heat release. When heat transfer effects are included, the heat release 
energy calculated is described as the “gross” heat release. Net heat release values 
are typically 15% lower than those obtained on a gross heat release basis [1]. Net 
heat release values are very often used in preference to gross heat release values 
because this reduces the amount of computation and avoids the need for heat 
transfer parameters to be specified.
The heat release rate from Equation (5) can either be obtained with constant 
gas properties or with crank angle-resolved gas properties. The magnitude of the 
specific heat ratio reduces with the increasing temperature since the latter normally 
increases the magnitudes o f the specific heat. In direct-injection engines, the 
specific heat ratio changes significantly during the compression and expansion 
processes and, also from cycle-to-cycle, especially during transients. The common 
approach is to vary y throughout the cycle as a function o f temperature and several 
correlations can be found in the literature [4, 8, 11].
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To observe the effect o f temperature dependent y, the cylinder pressure data 
recorded from actual experiments was used to calculate the heat release rate using 
Equation (5) and compared with the constant y case as shown in Figure 1. The 
general shape o f the heat release rate with temperature dependent y remains the 
same before the start o f combustion but the two curves have different magnitudes 
after that. Similar observations have been reported [1, 3, 8] that the general shape 
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Figure 1: Comparison of Calculated Heat Release Rates with Constant &
Variable y
The heat release model presented is generally applicable to air breathing 
diesel engines, that is, the intake composition is assumed to be fresh air only. The 
modem diesel engines employ the heavy use o f EGR for emission control purposes 
and as such, there are large variations in the composition o f the intake mixtures. 
These large variations have a strong effect on the ignition delay period and the 
duration o f the premixed combustion phase and hence, on the heat release rates. 
The heat release model given in Equation (5) therefore, may not be sufficient to 
accurately account for these effects on the heat release rates.
To investigate the magnitude o f errors in the heat release rates with this 
simple model, experimental data using unconventional atmosphere conditions 
(20-40% CO2, 20-40 % Ar) was used. The heat release rate was first computed 
with Equation (5) assuming constant gamma values. This was compared with the 
heat release rates computed with the Synthetic Atmosphere Engine Simulation 
(SAES™) software developed by Zheng and Reader [12, 13] which uses a 
comprehensive validated model for heat release calculation. The SAES model 
includes the effect o f heat transfer, crevice volume, intake composition etc on the 
heat release rate.
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Figure 2 shows the heat release curves obtained for two different cases. It 
can be seen that the heat release rate computed from Equation (5) is comparable in 
terms o f the combustion phasing and varies in magnitude to some extent. While 
this might not be adequate for combustion control purposes, it should suffice for 
observing the transient effects o f EGR. Moreover, investigations are being 
conducted at the authors’ lab to further verify this comparison over a wide range o f 
intake compositions and engine operating conditions. Hence, for the time being, it 
was decided to implement the simple heat release model for real-time calculations.
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Speed: 1800 ipm 
Conpression Ratio: 23:1 
Constant Gamma =1.37
Bore: 74 nm  
Stroke: 76 mn 
Speed: 1800 ipn  
Cbnpression Ratio: 23:1 
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Figure 2: Comparison of Heat Release Rates for Different Intake Mixture
Compositions
REAL-TIME HEAT RELEASE IMPLEMENTATION
The heat release model as presented earlier requires the following inputs.
TDC Position
For phasing the measured pressure data with the cylinder volume, it is 
necessary to accurately determine at what point in the engine’s thermodynamic 
cycle, the data acquisition started [14]. The acquisition was programmed to begin 
when the crank is at TDC. Since the acquisition o f the data may begin at either 
compression TDC or exhaust TDC, a simple check was used at the first acquisition 
by comparing data acquired at 0 and 360 degrees.
Crankshaft Position
To accurately align the cylinder pressure data with the corresponding 
cylinder volume, an external clock was used. This provided a Phase Locked Loop 
(PLL) signal that indicates when a certain amount o f engine rotation has occurred 
[14]. The encoder used with the engine gives 3600 pulses per revolution (0.1 
degree resolution).
Cylinder Pressure
The cylinder pressure was measured using a Kistler 6043A60 transducer 
which was mounted directly on the cylinder head.
The hardware and the software o f the real-time heat release analysis are 
shown in Figure 3. The transient heat release analysis was programmed with 






















and externally clocked, based on the encoder signal; the TDC signal acts as the 
external trigger and the timing index at every 0.1 degree crank angle acts as the 
external clock. The data-acquisition system gives the pressure data as an array of 
7200 points for a complete thermodynamic cycle (2 revolutions o f the crankshaft). 
The heat release rate is calculated online for each cycle along with combustion 
parameters like the peak pressure and the position of peak pressure, the maximum 
rate o f pressure rise and position, IMEP etc.
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Figure 3: The Hardware and Software of the University of Windsor Real-time
Heat Release Analysis System
RESULTS AND DISCUSSION
Data Acquisition Modes
There are many challenges in the actual implementation of the real-time 
heat release analysis. For instance, during the initial testing o f the program, a drift 
of 2~8° in the cylinder pressure data was observed over a period of time. This 
incorrect crank angle phasing resulted in significant errors in the heat release rate. 
This problem was temporarily corrected if the program was re-initialized, 
indicating that the problem was probably software related.
The program initially worked in the continuous data acquisition mode in 
which once the trigger is detected the first time, the data is then continuously 
acquired for every consecutive cycle (7200 points) without checking for the trigger 
signal in between. This approach is correct as long as a few hundred cycles are 
acquired intermittently. However, for continuous operation, the problem with this 
approach is that any noise in the signals (causing false clock signals), conflict of
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resources on the PC or some mechanical hardware limitations may cause an error in 
the crank angle phasing. To counter this problem, the program was modified to use 
the finite acquisition mode. This means that after each cycle (7200 points), the 
program waits for the TDC trigger signal and only then starts the next acquisition 
of the 7200 pressure data points. This ensures that the slightest error, if  any in the 
crank angle phasing over a single cycle is not carried over to the next cycle. This 
mode is resource intensive and can only work if  the PC resource limitation is not an 
issue. The program was tested in this configuration with no problem observed in 
the crank angle phasing over a range of engine loads and speed. Figure 4 shows the 
schematic diagram of the two data acquisition modes.
C o n t i n u o u s  A c q u i s i t i o n  M o d e  r e v  =  r e v o l u t i o n
n_____________________________________________________
r u i n .  1— v— ;
7200 T icks/2  rev 7200 T icks/2  rev 7200 T icks/2  rev
F i n i t e  A c q u i s i t i o n  M o d e
n si n n n n______
r n i n  r u i n  n _ i u i _
7200 T icks/2  rev 7200 T icks/2  rev 7200 T icks/2  rev
Figure 4: Schematic Diagram of the Data Acquisition Modes
Cycle-to-Cycle Variation Analysis
The analysis o f the cylinder pressure traces is an effective tool to evaluate 
the cycle-to-cycle and cylinder-to-cylinder variations. The cycle-by-cycle 
combustion parameters can be evaluated in terms of their mean and standard 
deviation as well as the coefficient of variance (CoV) values. This can give the 
essential feedback on the stability o f the combustion process and the influence of 
EGR. Although the common approach is to characterize the cycle-to-cycle 
variations in terms o f CoV of the maximum cylinder pressure, the program 
calculates the CoV, mean and standard deviation values for the maximum cylinder 
pressure and the angle o f its occurrence; the maximum rate o f pressure rise and the 
angle of its occurrence and the IMEP. This is performed over a data window of 200 
cycles and every new cycle replaces the first cycle in the data window.
The program has been used continuously in the authors’ engine lab during 
numerous experiments including the transient effects o f EGR, fuel injection 
quantity and scheduling etc. Figure 5a shows the transiently changing heat release 
rates with increasing CO2 addition in the intake and Figure 5b shows the pressure 
traces and the heat release rates for cycles # 1, 4, 7, 10, 13 during a transient load 
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Figure 5a: Effect of Increasing Intake Figure 5b: Heat Release Rates during
CO2 Concentration on the Heat Transient Load Change for
Release Rate Afterteatment Research
Figure 6 shows the pressure and heat release rate profiles for all the 13 
cycles o f Figure 5b. As the load is reduced from 52 Nm to ‘no load’ condition, the 
change in the pressure traces result in a significant change in the heat release rates 
which can be observed in real-time.
Figure 6: Surface plots of Cylinder Pressure Profiles and Heat Release Rates 
during the Load Transient (13 cycles)
CONCLUDING REMARKS
The real-time heat release analysis program serves as an effective tool for 
the combustion related research at the authors’ lab and is a part o f the on-going 
developments for the on-fly combustion control. These research activities includes 
high boost and high EGR dilution combustion, HCCI, multi-pulse common rail 
injection etc. The real-time heat release analysis provides fast feedback on the 
combustion process at the end o f each successive cycle and is useful for observing
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the transient effects of varying injection timing, EGR and other critical parameters. 
It is one-step further towards the on-fly combustion control setup. For on-fly 
combustion control, it is desired to have a point-by-point computation of the heat 
release rate so that the combustion process can be modified dynamically at any 
crank angle, based upon the previous crank angle history.
The fast heat release program has been implemented on a PC using a simplified 
heat release model. The heat release model results have been compared with those 
of complex validated models. A comparison of the computed heat release rates with 
constant and temperature-dependent specific heat ratios indicated that the general 
shape of the heat release remains the same but the magnitudes are different. As the 
absolute heat release values may be less essential for the real-time analysis, a 
constant y value has been used in the current heat release program.
The two data acquisition modes commonly used for acquiring cylinder pressure 
data, externally triggered and externally clocked have been discussed. The finite 
data acquisition mode is suitable for acquiring data for longer periods of time while 
the continuous data acquisition mode gives satisfactory results over a few hundred 
cycles o f data.
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APPENDIX C
CONTINUOUS PRESSURE DATA -  RECORDING AND PROCESSING
Lab VIEW PROGRAM FOR RECORDING PRESSURE
The Lab VIEW program acquires the cylinder pressure data at 0.1 degree crank 
angle interval, based on the encoder signal. Since the acquisition can start from 
either compression or exhaust TDC, the program automatically adjusts the data to 
start from the intake process. The data-acquisition system gives the pressure data as 
an array of 7200 points for each combustion cycle. The crank angle resolution is 
changed to 1 degree using a 10-point arithmetic-mean sample compression 
technique, resulting in a 720 points array of pressure data. The pressure data is 
recorded into binary files with 32-bit hexadecimal precision. The program saves 
2000 cycles in one file. The file numbering is done sequentially and automatically.
C CODE FOR PROCESSING THE PRESSURE DATA
/ *  This code ca lculates the average engine-out exhaust gas temperature 
by processing the cycle-by-cycle  recorded pressure data in to  time-resolved  
temperature d a ta * /
#include <stdio .h>
#include <math.h>
#include < s td lib .h >
void main() 
{
FILE * f p , * f t , * f u ;  
i n t  b ,c , i , j , k ,m ,n; / /  counter fo r  various loops
in t  d; / /  number o f  values in the engine speed input f i l e
in t  num=l; / /  number o f  pressure data f i l e s  to read
in t  cc; / /  check fo r  v a l id  menu input
in t  a [4 ] ;  / /  array to store values during 3 2 -b i t  hexadecimal
conversion
in t  sof; / /  s ta r t  o f  f i l e  -  check i f  pressure data recorded 
from compression TDC
in t  ncyc[20000]
f lo a t  o f fs e t ;  






/ /  array to store  
pressure cycles
the number o f recorded
/ /  value to correct the baseline pressure 
/ /  engine bore 
/ /  engine stroke 
/ /  length o f connecting rod 
/ /  compression ra t io  
/ /  clearance volume
/ /  ra t io  o f connecting rod length to  crank 
radi us
s ta t ic  f lo a t  v [ 7 2 0 ] ; / /  array to store the crank-angle resolved
cylinder volume
s ta t ic  f lo a t  p r [20000][720]; / /  array to store cycle-by-cycle
pressure values
f lo a t
f lo a t
f lo a t
f lo a t
f lo a t
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s t a t ic  f lo a t  avg[20000][720]; / /  array to store time-resolved
pressure values
s t a t ic  f lo a t  mrate[20000]; / /  array to ca lcu la te  mass flow
rate  a t each time step 
s t a t ic  f lo a t  T [20000][720]; / /  array to store calculated
values o f crank-angle resolved 
mean cy linder temperature 
f lo a t  speed[20000]; / /  array to store the engine speed data read
from the input f i l e  
f lo a t  Texh[20000]; / /  array to store the calculated exhasut gas
temperature a t  exhaust valve opening
const f lo a t  GC=287.15; / /  spec if ic  gas constant
const f lo a t  PI = 3.14159;
char f i le n a m e [1 6 ]; / /  name of the input f i l e s
char*x; / /  character pointer to  swap the 32 b i t
hexadecimal values 
char q; / /  value entered a t  the menu
s tru c t  binary / /  structure to read 32 b i t  binary values
f lo a t  b;
};
s tru c t binary e;





/ /  input number o f  pressure data f i l e s
p r i n t f (" \n \n E n ter  no o f  F iles:  
scanf("%d",&num); 
f f lu s h ( s t d in ) ;
d=0;
ft=fopen("speed. t x t " , " r" )  ;
i f  (ft==NULL)
p u ts (" \n ERROR! Cannot f in d  f i l e \ n " ) ;  
e x i t ( 0 ) ;
}
while ( ! f e o f ( f t ) )
{
f s c a n f ( f t , " % f " ,&speed[d]); 
ncyc[d]= s p e e d [d ] / (1 2 0 *2 )- l ;  
d++;
}
d - - ;
f c l o s e ( f t ) ;
Menu:
/ /  system ( " e ls " ) ;
p r in t f (" \n ( l )C h a n g e  skew value? (D e fa u l t :1 .5 ) " ) ;
p r i n t f ( " \ n (2) Change Engine Configuration? (D efau lt :  YANMAR)");
p r in t f ( " \n ( 3 )  E x it  Program?");
p r in t f (" \n (0 )R u n  Program!!");
p r in t f ( " \n \n E n te r  choice: " ) ;
q=getche();
i f  ( (q==' 1 ' ) I I(q==12 1) | | ( q==' 3 ' ) I | (q==' 0 ' ) )  
c c = l .5;
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case '1 ' :
p r i n t f (" \n \n D e fa u lt  Skew value a t  270 CAD is  1 .5 " ) ;  
f f lu s h ( s t d in ) ;
p r i n t f ("\n\nAssign new skew value ( y / n ) : n \b ");  
c=getche(); 
i f  Cc==’y ’)
{




case ' 2 ' :
system (" e ls " ) ;
p r i n t f (" \n \n D e fa u lt  Engine Configuration i s : \n \n " ) ;
p r i n t f (" \n C y linder Bore = 0.102 m\n");
p r in t f (" \n P is to n  stroke = 0.105 m\n");
p r i n t f ("\nconnecting Rod Length = 0.176 m\n");
p r i n t f ("\nCompression Ratio = 17.8 \n \n \n " ) ;
p r i n t f ("\n\nCnange Engine Configuration (y /n ) :  n \b ");
c=getche();
i f  (c = = 'y ' )
{
p r i n t f ( " \n \n c y l inder Bore (0 .102 ):  " ) ;  
scanf("%f",&bore);
p r in t f (" \n P is to n  stroke (0 .105 ):  " ) ;  
scanf("% f" ,&stroke);
p rin tf(" \nconnecting  Rod Length (0 .1 7 6 ):  " ) ;  
scanf("%f",&L);




case ' 3 ' :
goto qu it;
d e f a u l t : ;
}
system ( " e ls " ) ;
p r in t f (" \n \n P le a s e  w a i t  " ) ;




p r i n t f (" \n \n E n ter  Filename: " ) ;
scanf("%s",&filename);
fp = fop en (f i lenam e,"rb" );
i f  (fp==NULL)
puts("\nERROR! Cannot f in d  f i l e \ n " ) ;  
g e tc h ( ) ; 
e x i t ( 0 ) ;
}
fseek(fp,28,SEEK_SET); / / s k ip  header bytes 
/ /  conversion from 32 b i t  hexadecimal to decimal f lo a t in g  point
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while (Ifeof (fp))
for(n=0;n<720;n++) / /  720 points fo r  (1 cycle)  
f r e a d ( & e ,s iz e o f ( e ) , l , f p ) ; 
x=&e. b ;
fo r  ( i= 0 ; i< 4 ; i+ + )
{
a [ i ]= *x ;
x++;
}
x - - ;
fo r  ( i= 0 ; i< 4 ; i+ + )
{
* x = a [ i ] ; 





fc lose ( f p ) ; 
k++;
/ /  corrected data with reference to  270 cad
sof=179;
fo r  ( i=0 ; i< m ;i+ + )
{
o f f s e t = c c - p r [ i ] [ s o f ] ; / /  D ifference of value a t  270 CAD & 1.5
fo r  ( j= 0 ; i< 7 2 0 ; j+ + )
prL i]  Cj]=prCi  ---- ----------
/ / w r i t e  skewed values in the array avg[]
r [ i ] [ j ] = p r [ i ] [ j ] + o f f s e t ;
}
/ /  average the cycle-by-cycle  pressure data to  time-based pressure 
data
b=0;
fo r  ( i= 0 ; i< d ; i+ + )
fo r  ( j= 0 ; j< n c y c [ i ] ; j++)
fo r  (k=0;k<720;k++)
{





fo r  ( i= 0 ; i< d ; i+ + )
fo r (k = 0 ; k<720; k++)
{




v c = (P l*p o w (b o re ,2 ) /4 *s tro k e ) / (C R - l) ; / /  ca lcu la te  clearance
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for ( i= 0 ; i< 7 2 0 ; i+ + )  / /  Calculate v - theta  for 720 CAD
V [ i ] = v c * ( l+ 0 . 5 * (C R -l)* (R + l-c o s (( i+ l ) *P l /1 8 0 )-p o w (p o w (R ,2 ) -  
p o w (s in ( ( i+ l ) * P I /1 8 0 ) , 2 ) , 0 . 5 ) ) ) ;
}
/ /  ca lcu la te  the mass flow rate
for ( i=0; i<d;i++)
{ m ra te [ i ]=0.000857*0.9*1.28;
}
/ /  ca lcu la te  the mean cyl inder temperature
for ( i=0; i<d;i++)
fo r  (k=0;k<720;k++)
T [ i ] [k ]= a v g [ i ] [k ] * le 5 * v [k ] / (m r a te [ i ] * G C ) ;
}
for ( i=0; i<d;i++)
{
T exh[ i ]=T [ i ] [532];
}
/ /  write  the exhaust gas temperature data to a f i l e
fu=fopen("exh-temp.xls", "w"); 
for ( i=0;i<d;i++)
f p r i n t f ( f u , "%f\n",Texh [ i ] ) ;
f c l o s e  (fu);
p r i n t f ( " \ n \ n \ n  d o n e ! " ) ;
q u i t :
g e t c h Q ;
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APPENDIX D
CALIBRATION DETAILS FOR EXHAUST THERMOCOUPLES
The calibration was performed using a single-point calibration procedure. This
procedure is recommended by the Emission Test Centre o f the EPA. It states that
“A single-point calibration procedure that checks the operation o f  a 
thermocouple system within ±1.0 percent o f  the absolute measured 
temperature is all that is necessary to check the system fo r  the 
presence o f  disconnected wire junctions, other loose connections, or 
a potential miscalibrated readout. A system that performs accurately 
at one temperature is expected to behave similarly at other 
temperatures. ” [42].
This procedure was applied on the thermocouples using an ice bath maintained at 
0°C and the results are shown in Table D -l.
Table D -l: T termocouple Calibration Data
Thermocouple # Size Observed Temperature at 0°C
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The stated accuracies for the various components in the data acquisition system are 
given in Table D-2. Since the highest temperatures encountered in a diesel exhaust 
system do not exceed 800°C, this value was used to estimate the maximum errors in 
the measured values.
Table D-2; Stated Accuracies for Data Acquisition Components
Component 8 Listed Accuracy Maximum Error at 800°C
Thermocouples 2.2°C or 0.75% whichever is greater ±6°C
Thermocouple Wires 1.2°C at 200°C or 0.6% ±4.8°C
Thermocouple 
Conditioning Module
± 0.25°C at 250°C or 
0.1% ±0.8°C
The accuracy of the system can then be broadly expressed as -1.5%  for 
temperature measurements upto 800°C and the maximum relative uncertainty in the 
temperature measurement comes to approximately ±11.6°C.
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